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Physical stimuli can act in either a synergistic or antagonistic
manner to regulate cell fate decisions, but it is less clear whether
insoluble signals alone can direct human pluripotent stem (hPS)
cell differentiation into specialized cell types. We previously
reported that stiff materials promote nuclear localization of the
Yes-associated protein (YAP) transcriptional coactivator and sup-
port long-term self-renewal of hPS cells. Here, we show that even
in the presence of soluble pluripotency factors, compliant sub-
strata inhibit the nuclear localization of YAP and promote highly
efficient differentiation of hPS cells into postmitotic neurons. In
the absence of neurogenic factors, the effective substrata produce
neurons rapidly (2 wk) and more efficiently (>75%) than conven-
tional differentiation methods. The neurons derived from sub-
strate induction express mature markers and possess action
potentials. The hPS differentiation observed on compliant surfaces
could be recapitulated on stiff surfaces by adding small-molecule
inhibitors of F-actin polymerization or by depleting YAP. These
studies reveal that the matrix alone can mediate differentiation
of hPS cells into a mature cell type, independent of soluble induc-
tive factors. That mechanical cues can override soluble signals sug-
gests that their contributions to early tissue development and
lineage commitment are profound.

mechanotransduction | neuronal differentiation | YAP/TAZ | biomaterials |
glycosaminoglycans

Human pluripotent stem (hPS) cells, which include human
embryonic (hES) and human induced pluripotent stem cells,
possess the remarkable capacity to self-renew indefinitely and
differentiate into almost any specialized cell type (1, 2). They
represent a potentially unlimited supply of cells for regenerative
medicine, drug screening, and studies of human development.
These applications require efficient and reproducible conditions to
direct hPS cell differentiation into specialized cell types, including
neuronal cells. To date, the focus has been on identifying soluble
factors, such as growth factors and small molecules, that can in-
fluence hPS cell differentiation. The ability of insoluble signals to
promote hPS cell-lineage specification remains less clear.

Studies in murine ES cells (3, 4) and tissue-specific stem cells
(5-10) indicate that the adhesive and mechanical properties of
the substratum used can influence cell fate decisions (11). For
example, human mesenchymal stem (hMS) cells are sensitive to
changes in substrate elasticity and respond by differentiating
toward distinct cell lineages depending on the stiffness of the
matrix (5). These hMS cells, however, tend to exist in heteroge-
neous cell populations and lack a specific and unique cell char-
acterization marker (12). Their differentiation capacity is re-
stricted to a few tissues that arise from the mesoderm lineage,
such as bone, fat, and cartilage. Indeed, there are questions about
whether these cells undergo transdifferentiation to cell types,
such as neurons (12-14). With the unique ability to differentiate
into almost any cell type, hPS cells serve as an excellent model for

Www.pnas.org/cgi/doi/10.1073/pnas. 1415330111

understanding the roles of extracellular signals on lineage speci-
fication and tissue morphogenesis.

In examining the influence of substrate mechanics on hPS cell
propagation, we found that stiff surfaces facilitate hPS cell ex-
pansion (15). Key to this activity is their ability to promote the
nuclear localization of the coactivator Yes-associated protein
(YAP) (15, 16), which is critical for pluripotency (15, 17). Al-
ternatively, compliant matrices inhibit nuclear localization of
YAP and are unable to support hPS cell self-renewal (15). YAP
acts with TEAD transcription factors to drive cell cycle pro-
gression (18, 19), and YAP depletion or inhibition of YAP-
TEAD interactions can promote neuronal differentiation (19,
20). Fu and coworkers (21) reported that polydimethylsiloxane
micropost arrays that inhibit Hippo/YAP signaling can improve
neuronal differentiation of hPS cells induced by soluble neu-
rogenic factors. We postulated that the mechanical properties
of the substrate alone would be powerful enough to poise cells
for neuronal differentiation. Using synthetic hydrogels as a tun-
able platform (22), we tested this hypothesis by evaluating the
differentiation of hPS cells on surfaces of different stiffness.
These investigations revealed that compliant hydrogels induce
rapid and efficient differentiation of hPS cells into neurons that
express mature neuronal markers and possess action potentials.

Significance

Human pluripotent stem (hPS) cells can self-renew indefinitely
and differentiate into almost any cell type. Thus, hPS cells rep-
resent a potentially unlimited supply of cells for regenerative
medicine, drug screening, and developmental studies. Realizing
the full potential of hPS cells requires efficient protocols to di-
rect their differentiation into desired cell types. Most efforts to
control hPS cell differentiation have focused on soluble signal-
ing factors, while the roles of insoluble signals, such as the
mechanical properties of the ECM, have been less explored. We
show that matrix mechanics alone can robustly induce neuronal
differentiation of hPS cells, independent of soluble neurogenic
factors. These results can guide the design of materials to in-
fluence stem cell fate.
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The molecular mechanism underlying the substratum-induced
differentiation is through modulation of the subcellular locali-
zation of YAP. Our results indicate that mechanical properties
of the ECM can be a principal factor in directing the lineage-
specific differentiation of hPS cells.

Results and Discussion

Substratum-Induced Neuronal Differentiation of hPS Cells. Exploit-
ing the chemoselective synthesis of peptide-bearing hydrogels,
we previously found that stiff hydrogels (elastic modulus of ~10
kPa) displaying a glycosaminoglycan (GAG)-binding peptide,
CGKKQRFRHRNRKG, can support long-term self-renewal of
hPS cells but that the corresponding compliant hydrogels (~0.7
kPa) do not (15). The inability of compliant hydrogels to support
hPS expansion suggests they might facilitate hPS cell differenti-
ation. To test this possibility, we cultured hES cells on compliant
polyacrylamide (PA) hydrogels (~0.7 kPa) functionalized with
the aforementioned GAG-binding peptide (15, 23). For initial
experiments, we used a defined hPS cell culture medium utilized
for hPS cell self-renewal, mTeSR (24), supplemented with
Y27632, a small-molecule inhibitor of Rho-associated protein
kinase (ROCK) (25). The ROCK inhibitor was added to facili-
tate hPS cell survival. After ~14 d of culture on the compliant
hydrogels, hES cells differentiated selectively. The cells’ loss of
expression of key pluripotency marker Oct4 was accompanied by
their adoption of a cell morphology consistent with neurons and
expression of neuronal marker Tujl (neuron-specific class III
B-tubulin) (Fig. 1 4 and B and SI Appendix, Fig. S1). Given that
the mTeSR culture medium is designed to promote pluripotency
and lacks the soluble signaling factors used to induce neuronal
differentiation, these observations were notable.

The effect of the compliant hydrogels prompted us to evaluate
the efficiency of this differentiation protocol. We primed hES
cells for differentiation to facilitate their adhesion to the com-
pliant hydrogels (SI Appendix, Figs. S2 and S3 and Supplementary
Notes) and then cultured them with a defined medium. The
tested medium consisted of mTeSR or mTeSR lacking the key
soluble signaling component basic FGF (bFGF), TGF-f, or
GABA. We found that the cells exhibited neuronal morphology
and stained positive for Tuj1 neuronal marker, irrespective of the
composition of the medium (Fig. 1C and SI Appendix, Fig. S4 A
and B). The differentiation time frame was conspicuous. The
cells rapidly (within 5-10 d) adopted a neuronal morphology
and expressed Tujl, and they did so more efficiently in defined

Fig. 1. Neuronal differentiation of hES cells on compliant (0.7 kPa) PA hydro-
gels. Bright-field (A) and immunofluorescence (B) images of naive hES cells (SA02
line) cultured for 14 d on the hydrogels with defined mTeSR medium. (C) Primed
hES cells (SA02 line) differentiated for 5 d on compliant hydrogels with defined
mTeSR medium or mTeSR lacking the indicated soluble signaling factors. Cells
were immunostained for Tuj1 (green) and Oct4 (red), and counterstained with
DAPI (blue). (Scale bars: A and B, 50 pm; C, 250 pm.)

13806 | www.phas.org/cgi/doi/10.1073/pnas. 1415330111

medium lacking the self-renewal factor bFGF. None of the
medium components was required to induce differentiation. The
primed cells developed neuronal characteristics in defined me-
dium depleted of all three soluble factors (bFGF, TGF-B, and
GABA,; referred to as “depleted medium”) or even in basal
(DMEM/F12) medium (SI Appendix, Fig. S4C). Although it
improves cell survival (23, 25), the small molecule Y27632 was
also dispensable for substratum-induced neuronal differentiation
(23, 25) (SI Appendix, Fig. S4D). Together, these results indicate
that the appearance of neuronal traits by the hPS cells was not
triggered by soluble inductive factors.

To explore whether the inductive influence of the compliant
hydrogel depended on the GAG-binding peptides, we tested dif-
ferent classes of cell-binding ligands (26). We had shown that
GAGs can transmit mechanical signals to cells (15), but integrins
are well known as mechanoreceptors (26). We therefore synthe-
sized hydrogels functionalized with either linear or cyclic Arg—
Gly-Asp (RGD) peptides, both of which can support cell adhesion
through integrins. The compliant hydrogels functionalized with
the integrin-binding peptides also promote neuronal differentia-
tion of hPS cells without exogenous neurogenic factors (SI Ap-
pendix, Fig. S5). Similarly, compliant hydrogels functionalized with
hPS cell-binding peptides identified from phage display (whose
binding partners are unknown) (27) also enable neuronal differ-
entiation of hPS cells (SI Appendix, Fig. S5). These results indicate
that the observed hPS cell-lineage restriction that results from
mechanotransduction is not confined to a specific cell-surface re-
ceptor. Under all conditions, it was the compliant hydrogels that
consistently resulted in rapid and efficient neuronal differentiation.

Characterization of Substratum-Derived Neurons. To evaluate the
developmental status of the substratum-differentiated cells, we
first examined their proliferative capacity, because neurons are
postmitotic. After 2 wk of differentiation on compliant hydro-
gels, the majority of the resulting cells ceased proliferation (Fig.
2 A and B). Immunocytochemistry analysis revealed that the
hydrogel-derived neurons were positive for the neuronal marker
Tuj1. For prolonged culture on the compliant hydrogels, we allowed
the cells to differentiate for 12 d on the compliant hydrogels in
depleted medium and then switched to N2B27 neuronal mainte-
nance medium. After 4 wk, the cells stained positive for the mature
neuronal marker microtubule-associated protein 2 (SI Appendix,
Fig. S7A4). Using a transgenic hES cell line engineered with a GFP
reporter for synapsin (28), we found that the differentiated cells
express synapsin, a marker of synaptic vesicles (SI Appendix, Fig.
S7B). Together, these results indicate that the substratum-differ-
entiated cells are postmitotic and possess molecular markers in-
dicative of mature neuronal cells.

We analyzed the gene expression profile of the hydrogel-dif-
ferentiated cells by assessing lineage identification gene markers
specific for pluripotent stem cells; progenitor cells from all three
embryonic germ layers (ectoderm, mesoderm, and endoderm);
and terminally differentiated cells, such as astrocytes, neurons,
cardiomyocytes, and p-cells (functional gene grouping is provided
in SI Appendix, Table S1). After 2 wk of differentiation on
the compliant hydrogels, pluripotency genes (POUSF1, ZFP42,
PODXL, and LEFTY1) were significantly down-regulated (Fig. 2C
and SI Appendix, Table S2). Additionally, expression levels were
decreased for the genes encoding endoderm markers KR779 and
ITGB4, as well as the mesoderm marker 7 (brachyury). Ectoderm
and neuroectoderm markers ZIC1 and NEUROG?2 were highly
up-regulated, as were neuronal genes, including NEURODI,
DCX, HESS, and FABP7 (Fig. 2C and SI Appendix, Fig. S7 and
Table S2). These results are consistent with the morphological and
immunocytochemical findings that the compliant substratum facil-
itates neuronal differentiation of hPS cells.

Most of the hydrogel-derived neurons exhibit bipolar projec-
tions (Fig. 2D), a morphological feature of interneurons (29). To
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Fig. 2. Characterization of substratum-derived neurons. (A) Schematic representation of the procedure for neuronal induction of hES cells on a compliant
hydrogel. (B) BrdU labeling analysis of hES cells (H9 line) that were undifferentiated or differentiated for 2 wk on a compliant hydrogel. Cells were ~
immunostained for Tuj1 (green) and BrdU (red), and counterstained with DAPI (blue). (C) Gene expression analysis of substratum-derived neurons. The hES =
cells (H9 line) were cultured for 2 wk on compliant PA hydrogels, and their levels of neuronal, pluripotency, and germ layer markers were examined relative to §
undifferentiated cells. Values shown are log, of mean fold regulation (x axis) and the statistical significance [y axis: -logqo (P value)] for n = 3 biological =
v

replicates. (D) Representative image of a Tuj1-positive (green) cell showing dual axon morphology of the substratum-derived neurons. (E) Microscopy image

of substratum-derived neurons expressing vesicular GABA transporter (VGAT).

determine whether the differentiated cells express markers of
glutamatergic (excitatory) or GABAergic (inhibitory) interneu-
rons, we evaluated their gene expression profile and immunore-
activity. Immunocytochemistry analyses confirmed expression of
the proteins vesicular GABA transporter (encoded by SLC32A1)
and glutamate decarboxylase 67 (GADG67, encoded by GADI)
(Fig. 2E and SI Appendix, Fig. S8). These results indicate that the
compliant hydrogel can function without soluble inductive factors
to induce hPS cell differentiation rapidly and efficiently into
a specific neuronal subtype. Standard protocols for hES cell dif-
ferentiation into GABAergic neurons involve multiple phases of
treatment with soluble signaling factors and require a timeline
of 45 d or longer (30). Using our defined substratum, hES cells
differentiated into cells characteristic of GABAergic neurons
within 2 wk.

We next assessed the functional attributes of the substratum-
derived neurons using electrophysiology. After 2 wk of differenti-
ation on the compliant hydrogel, whole-cell patch-clamp record-
ings indicated that the differentiated cells express large inward and
outward currents indicative of neurons (Fig. 34). The substratum-
derived cells also display spontaneous postsynaptic currents (Fig.
3B), and a subset (3 of 21 cells) of the tested cells had spontaneous
action potentials (Fig. 3C). Thus, the substratum-derived neurons
are electrophysiologically functional and electrochemically similar
to neurons derived by standard hES cell differentiation protocols
that require a differentiation timeline of 4 wk (31).

We examined whether the induction of neuronal differentia-
tion by compliant hydrogels was applicable to other hPS cell
lines. We tested the hES cell lines H1, H7, H9, and SA02 using

Musah et al.

Cells were counterstained with DAPI (blue). (Scale bars: 50 um.)

depleted medium (Fig. 1C). Within 2 wk of culture on the
compliant hydrogels, all of the hES cell lines undergo neuronal
differentiation (SI Appendix, Fig. S94). Additionally, the sub-
stratum-induced neuronal differentiation is highly efficient; up to
85% of the cells express the neuronal marker Tujl (S Appendix,
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Fig. 3. Functional characterization of substratum-derived neurons. The hES
cells (H9 line) were differentiated for 2 wk on compliant PA hydrogels and
analyzed by electrophysiology. (A) Step-induced currents revealed large,
rapidly inactivating inward currents followed by sustained outward currents.
Traces of spontaneous postsynaptic currents (B) and action potentials (C)
detected in substratum-derived neurons.
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Fig. S9B). Neuronal differentiation on the compliant hydrogel
was rapid (within 2 wk) for all cell lines examined.

Compliant Hydrogel Does Not Selectively Bind Neuronal Cells. One
explanation for the efficient neuronal derivation on the sub-
stratum is that compliant hydrogels selectively bind neuronal
cells. If the substratum selectively binds neurons, its exposure to
a mixed population of cells would lead to selective neuronal cell
adhesion. To test for this possibility, we spontaneously differ-
entiated hES cells by treatment with embryoid body medium for
at least 25 d to afford a mixed population of cells, including
neuronal cells. These spontaneously differentiated cells were
transferred onto complaint hydrogels, and the bound cells were
characterized by morphology and immunostaining (SI Appendix,
Fig. S10). Cells adhering to the compliant hydrogel exhibited a
variety of morphologies. After an additional 15 d of culture on
these surfaces, only a minor subset of the cells was positive for
the neuronal marker Tujl. These results indicate that the ob-
served effects of the compliant hydrogels on neuronal differen-
tiation are not merely due to selective neuronal cell binding.

Molecular Mechanism of Substratum-Induced Neuronal Differentiation
of hPS Cells. To determine whether the primed hES cells undergo
selective differentiation on stiffer hydrogels, we tested PA hydro-
gels of varying elasticity (0.7, 3, and 10 kPa) and functionalized
them with the GAG-binding peptide CGKKQRFRHRNRKG (15,
23). We selected this range of elasticity based on previously ob-
served differences in the nuclear localization of YAP in hPS cells
cultured on such matrices (15). Specifically, YAP is localized in the
nucleus on the stiffest hydrogels (10 kPa), whereas it is mainly

DAPIOCT4/TUJI

excluded from the nucleus on the compliant (0.7 kPa) hydrogels.
Primed hES cells were cultured on the hydrogels in depleted me-
dium. After 10 d, only the compliant hydrogel (0.7 kPa) promoted
efficient and reproducible neuronal differentiation. Although
a majority of cells on the stiff hydrogels differentiated (in-
dicated by loss of Oct4 expression), only a small population
(~5%) expressed the neuronal marker Tujl (Fig. 4 A and B).
Similarly, other stiff substrates, such as polystyrene (~10° kPa)
displaying the GAG-binding peptide or polystyrene functionalized
with Matrigel (BD Biosciences) (a standard ECM for hPS cell
culture), also failed to promote neuronal differentiation (Fig. 4B
and SI Appendix, Fig. S11). These results indicate that compliant
hydrogels are robust substrata for inducing neuronal differentiation.

Cells bound to compliant surfaces can exhibit cytoskeletal
changes, including a decrease in F-actin polymerization (15, 16,
32). If these cytoskeletal changes are important for eliciting
neuronal differentiation of hES cells, a small-molecule inhibitor
of F-actin polymerization should promote neuronal differentia-
tion even on stiff surfaces. Accordingly, we cultured hES cells on
a stiff substratum (polystyrene functionalized with Matrigel) in
depleted medium supplemented with an inhibitor of F-actin
polymerization, latrunculin A (33) (Fig. 4C). The addition of this
small molecule promoted neuronal differentiation of hES cells
on the stiff substratum (Fig. 4D and SI Appendix, Fig. S12 A and
B). The similarity between the cells propagated on the stiff
surface with latrunculin A (Fig. 4D) and the compliant hydrogel
(Fig. 4A) is striking.

A decrease in F-actin polymerization and stress fiber forma-
tion has been linked to a decrease in transcriptional regulatory
activity of the paralogous coactivators YAP and transcription
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Fig. 4. Compliant hydrogel induces neuronal differentiation by exclusion of YAP from the nucleus. (A) H9 hES cells differentiated for 10 d on PA hydrogels
that vary in elasticity. Cells were immunostained for the pluripotency marker Oct4 (red) and neuronal marker Tuj1 (green), and counterstained with DAPI
(blue). (B) Quantification of neuronal induction efficiency (H9 cell line) on hydrogels of varying elasticity, or on polystyrene functionalized with either the
peptide displayed on the hydrogels (CGKKQRFRHRNRKG) or Matrigel. Error bars represent SD of the mean (n = 4). (C) Small-molecule (0.5 M latrunculin A)
inhibition of F-actin polymerization and YAP/TAZ expression in hES cells (H9 line) cultured on a stiff (polystyrene coated with Matrigel) surface. Control
samples were treated with depleted medium (blank) or depleted medium with 0.01% DMSO. (D) Microscopy analysis of neuronal differentiation resulting
from latrunculin A treatment on a stiff polystyrene surface. Cells were immunostained for Tuj1 (green) and counterstained with DAPI (blue). (E) Western blot
(Upper) and_immunocytochemistry (Lower) analyses of YAP knockdown in H9 hES cells cultured on polystyrene coated with Matrigel. Cells were immu-
nostained for pluripotency (Oct4, red) and neuronal (Tuj1, green) markers, and counterstained with DAPI (blue). shYAP, short hairpin YAP. [Scale bars: A,

250 puM; E, 200 uM; A (Insets), C, and D, 50 pm.]
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Fig. 5. hES cell differentiation on PEG hydrogels of varying elasticity. (A)
Schematic of compliant (1 kPa, 25% cross-linked) and stiff (8 kPa, 75% cross-
linked) PEG hydrogels. (B) Microscopy images of hES cells (H9 line) differ-
entiated for 2 wk on compliant or stiff PEG hydrogels. Cells were immu-
nostained for pluripotency marker Oct4 (red) and neuronal marker Tuj1
(green), and counterstained for DAPI (blue). (C) Quantification of neuronal
differentiation efficiency on compliant and stiff PEG hydrogels. Error bars
denote SD of the mean (n = 4). [Scale bars: B, 250 um; B (Insets), 50 um.]

coactivator with PDZ-binding domain (TAZ, also known as
WWTR1) in hMS cells (16) and hES cells (15). YAP and TAZ
have been implicated in signaling pathways elicited by either
chemical or mechanical stimuli (34). When in the nucleus, the
paralogs YAP and TAZ modulate gene expression, but upon
phosphorylation, they are sequestered in the cytoplasm (15).
Treatment with latrunculin A resulted in a decrease in YAP/TAZ
localization in the nucleus (Fig. 4C). This change in subcellular
localization was accompanied by an increase in phosphorylated
YAP (SI Appendix, Fig. S134).

If the absence of YAP or TAZ in the nucleus is important for
substratum-induced differentiation, depleting the transcriptional
coactivator on a stiff substrate could result in neuronal differ-
entiation. We knocked down YAP using lentiviral-mediated
RNAI and observed a decrease in the expression of CTGF (an in-
dicator of YAP activity) but not WWTRI (encodes TAZ) (SI Ap-
pendix, Fig. S13B). Moreover, YAP depletion resulted in neuronal
differentiation of hES cells cultured on a rigid polystyrene surface
(Fig. 4E). This lineage restriction occurred even in the presence of
mTeSR medium. Thus, by preventing nuclear localization of YAP,
compliant substrata override soluble signals and robustly induce
neuronal differentiation of hPS cells. The activity of the compliant
surfaces reveals that the substrata can be as powerful as soluble
factors in influencing hPS cell-lineage specification.

Neuronal Differentiation Across Hydrogel Platforms. The compliant
(0.7 kPa) PA hydrogel was the most effective at inducing hES
differentiation to neurons (Fig. 4 A and B); consequently, we
postulated that other cell culture substrates with similar elastic
properties would also direct neuronal specification. We therefore
synthesized a different class of hydrogels and varied the elasticities.
PEG hydrogels were generated by step-growth polymerization of
eight-arm PEG norbornene (PEGNB) monomers and PEG dithiol

Musah et al.

cross-linker (35). The cross-linking density of the PEGNB hydrogel
was varied so that a compliant (~1 kPa) or stiffer (~8 kPa) sub-
stratum was obtained (Fig. 54 and SI Appendix, Fig. S14). These
hydrogels were functionalized with the cell-adhesive GAG-binding
peptide CGKKQRFRHRNRKG used previously. Primed hES
cells were cultured on the PEGNB hydrogels with depleted me-
dium for up to 2 wk. As with the PA hydrogels, only the compliant
PEGNB hydrogels induced efficient hES cell neuronal differenti-
ation. (Fig. 5B and SI Appendix, Fig. S15). Induction of neuronal
differentiation on the complaint PEGNB hydrogel was rapid
(within 2 wk) and highly efficient (Fig. 5C). These results highlight
the generality of the substratum-induced differentiation of
hPS cells, because the strategy described herein is applicable to
different biomaterials.

In summary, our data indicate that insoluble signals from cell
culture substrata can have a significant impact on hPS cell-line-
age specification. Compliant substrates (~1 kPa) across different
hydrogel platforms can rapidly and efficiently direct terminal
differentiation of hPS cells into neurons. Thus, neuronal speci-
fication of hPS cells need not depend only on soluble inductive
factors but also on substratum features. Our data highlight the
profound influence of the substratum and underscore the ben-
efits of exploiting substratum features to design protocols to
guide hPS cell differentiation.

It is intriguing that the hydrogels with elasticity similar to brain
tissue are the most effective at inducing neuronal differentiation.
We propose that substratum elasticity controls neuronal differ-
entiation of hPS cells by regulating the activity of YAP (Fig. 6).
YAP activity is decreased during mammalian neurogenesis (19,
36, 37) in conjunction with Sonic Hedgehog (36, 37) and Smad
(38) signaling pathways, which are ubiquitous targets of soluble
factors used to promote neuronal differentiation of hES cells
(39-40).

Efforts to differentiate hPS cells to neurons have focused on
genes that encode two proneural basic helix-loop-helix (bHLH)
transcription factors: NEURODI and NEUROG?2. Lentiviral-
mediated overexpression of either of these genes in hPS cells pro-
motes neuronal differentiation. Intriguingly, NEUROG2, a master
regulator of neuronal development (20, 47), is up-regulated in cells
cultured on the compliant hydrogels. We also observe elevated
expression of NEURODI (Fig. 2C and SI Appendix, Table S2).

‘ ;{ow\ ® AP N
A F-actint\\/ YAP ®Y‘ -
\ f AP

; | /-'f‘/ \ %

\ ‘Mmmm{ //’

e

,-/

Stiff substrate Soft substrate
Self-renewal Neuronal differentiation
n y -
¢ £ h —:{ O Y

Fig. 6. Proposed model for substratum-induced neuronal differentiation of
hPS cells. Stiff substrates promote F-actin polymerization and stress fiber
formation, which results in the translocation of YAP to the nucleus, where it
regulates gene expression to support self-renewal of hPS cells. Compliant
substrates decrease F-actin polymerization, afford increased phosphorylation
of YAP, and result in YAP localization in the cytoplasm. Inhibition of YAP
coactivator function induces neurogenesis in hPS cells. P, phosphorylation.
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Because YAP is excluded from the nucleus in cells cultured on the
compliant hydrogels and knockdown of YAP is sufficient to induce
neurogenesis, YAP may directly or indirectly repress the production
of these master regulators. Our findings suggest that modulating
YAP localization via substrate elasticity can circumvent the need for
overexpression of exogenous transcription factors to drive neuronal
differentiation. Another gene encoding a bHLH transcription factor
that is likely regulated by YAP in hPS cells is NEUROD4, also
known as NEUROM, which is repressed by YAP overexpression in
the chick neural tube (19). NEUROD4 is transiently expressed in
cells approaching the postmitotic phase and persists in bipolar
neurons until terminal differentiation (18). The substratum-induced
neurons possess bipolar projections (Fig. 2D), a characteristic
morphology of interneurons (29). It is therefore possible that YAP
inhibition by the compliant hydrogels promotes NEUROG2 and
NEURODI1 expression along with that of NEUROD4, which
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subsequently guides hPS cell differentiation into interneurons
(18, 29). Given the importance of YAP signaling in organ de-
velopment and function (48, 49), our results suggest that syn-
thetic materials could mimic the inductive power of the embryo
and drive hPS cells to specialize.
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