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altering substrate mechanics has been 
essential for expanding significant numbers 
of muscle satellite cells8 and hematopoietic 
stem cells9 that retained their function 
when implanted in vivo. The recognition 
that mechanical memory and dosing also 
matters is likely to further improve the 
engineering of cell fates. Tailoring dynamic 
substrate mechanics to ‘erase’ or ‘trick’ the 
memory may better facilitate differentiation 
or maintain stem cells in an undifferentiated 

state. Most likely, (photo)tunable hydrogels, 
as showcased in Anseth and co-workers’ 
work, will play a prominent role in 
this endeavour. ❐
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Figure 1 | Mechanical memory influences the fate of human mesenchymal stem cells4. a, hMSCs were seeded on stiff substrates (TCPS, tissue culture 
polystyrene) or photodegradable poly(ethylene glycol) hydrogels, and cultured in growth medium for different time spans (up to 10 days of mechanical 
dosing) before they were transferred to poly(ethylene glycol) hydrogels or the hydrogel was softened in situ by exposing it to ultraviolet (UV) light, respectively. 
b, hMSCs grown on stiff substrates display nuclear accumulation of the transcription factors YAP and RUNX2, which upregulate the transcription of the RUNX2 
and ALP genes. Depending on the previous culture time (mechanical dosing) on stiff substrates, YAP/RUNX2 in the hMSCs on the soft substrates either 
translocate to the cytoplasm (short duration) or persist in the nucleus (long duration), which determines the differentiation outcome in response to mixed 
osteogenic/adipogenic media, as indicated by Oil-Red-O-stained lipid droplets (red) and ALP-stained cells (purple).

The surfaces of most tissues in 
mammalian organisms are textured 
and flexible. Yet in the laboratory 

smooth and rigid surfaces such as glass 
or plastic are widely used for cell culture. 
It is thus hardly surprising that cells on 

a dish often exhibit strikingly different 
behaviour compared with when in vivo. 
Now, Jianping Fu and colleagues report in 
Nature Materials that soft, micropatterned 
substrates significantly increase the yield 
of functional motor neurons (spinal cord 

cells that innervate muscles and initiate 
movement) differentiated from cultured 
human pluripotent stem cells (hPSCs) when 
compared with those cultured in the same 
differentiation conditions but on standard 
culture dishes1.

STEM CELL DIFFERENTIATION

Yielding substrates for neurons
Soft culture substrates improve the yield of functional motor neurons derived from human pluripotent stem cells.
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The availability of stem-cell-derived 
motor neurons, in particular patient-
derived motor neurons by means of 
induced-pluripotent-stem-cell technology, 
has radically changed the study of 
human motor neuron diseases such as 
amyotrophic lateral sclerosis and spinal 
muscular atrophy. This is because the 
highly invasive nature of spinal cord 
biopsies has made it difficult to evaluate 
the effects of drugs on human neurons in 
culture before they are tested in patients. 
At present, hPSC-derived motor neurons 
are produced from stem cells grown 
on rigid culture substrata coated with 
components of the extracellular matrix — 
the mesh-like network of proteins that 
provides the scaffolding for tissues within 
the body. These cells are then exposed 
to the same extrinsic factors that govern 
neuronal differentiation in the embryo. The 
differentiation process involves multiple 
steps (Fig. 1a): first, stem cells are grown 
under conditions that maintain their 
pluripotent nature; second, early precursors 
of the nervous system are produced through 
neural induction; third, neuronal patterning 
generates cells characteristic of a particular 
site in the nervous system; and fourth, 
neuronal maturation leads to functional 
nerve cells of a defined class (such as motor 
neurons). However, such procedures remain 
technically challenging in terms of yield 
and reproducibility, pose quality-control 
issues and are not ‘xeno-free’ because of the 
use of animal-derived matrix components.

Fu and co-authors employed 
poly(dimethylsiloxane) substrates patterned 
with microposts2 (Fig. 1b) that were initially 
developed to measure the effects of rigidity 
on the morphology and fate of human 
mesenchymal stem cells (the precursors of 
cartilage, bone and fat). The flexibility of 

the microposts can be fine-tuned by making 
them longer (softer) or shorter (more 
rigid) in the same way that a stalk of wheat 
becomes more pliable as it grows. The 
authors compared the effects of substrate 
rigidity at various points along the path 
of differentiation from a pluripotent stem 
cell to a functional motor neuron. First, 
they found that stem cells grown on soft 
substrates lost markers of pluripotency 
and expressed markers of neural induction 
more quickly and robustly than cells grown 
on rigid substrates. This is in line with 
previous in vitro work on the influence 
of substrate rigidity on the proliferation 
and differentiation of pluripotent and 
multipotent stem cells2–6. Strikingly, 
during the patterning phase in which the 
cells become motor neurons, yields were 
again much higher on soft substrates than 
on rigid substrates. Cells grown on soft 
substrates could even initiate certain steps 
in the patterning process on their own, 
without the addition of extrinsic factors, 
suggesting that rigid substrates do not fully 
model the in vivo environment. Finally, 
the authors used electrophysiological 
measurements as a functional test of 
successful neuronal differentiation to show 
that neurons produced on soft substrates 
exhibited higher firing activity. The 
soft substrates thus greatly sped up and 
enhanced the yield of spontaneous and 
induced motor-neuron differentiation, from 
2% to about 20%.

Still, optimized protocols using rigid 
substrates have demonstrated comparable 
efficiencies. Yet Fu and co-authors show that 
by using a different protocol where the time 
it takes to differentiate induced pluripotent 
stem cells into motor neurons is extended, 
their soft substrates produce yields of nearly 
50%. This figure is among the best reported 

for motor neurons, and is unrivalled among 
synthetic culture substrates. The ultimate 
impact of the authors’ approach will 
however rest on the ability of the substrates 
to further improve the yield of the best 
differentiation protocols.

Fu and colleagues also show that the 
soft substrates regulate the activity of 
the Hippo/YAP signalling cascade — a 
signalling pathway critical for the control 
of organ size during development and 
for stem cell self-renewal7. Although 
the characterization of the so-called 
mechanotransduction pathways linking 
changes in substrate rigidity to changes 
in the cytoskeleton to changes in gene 
expression is still incomplete, it would be 
intriguing to determine to what degree the 
Hippo/YAP pathway can be modulated by 
soluble agents to mimic, using standard 
culture substrates, the beneficial effects 
of Fu and co-workers’ substrates on 
neurons. Provided that they are made 
generally available, micropatterned soft 
substrates are poised to help motor neuron 
research grow. ❐

Emily Rhodes Lowry and Christopher E. Henderson 
are at the Project A.L.S./Jenifer Estess Laboratory 
for Stem Cell Research and the Department 
of Rehabilitation and Regenerative Medicine, 
Columbia University, 630 W 168th Street, 
New York, New York 10032, USA. 
e-mail: ch2331@columbia.edu

References
1. Sun, Y. et al. Nature Mater. 13, 599–604 (2014).
2. Fu, J. et al. Nature Methods 7, 733–736 (2010).
3. Chowdhury, F. et al. PLoS ONE 5, e15655 (2010).
4. Kumar, S. S. et al. Biomaterials 34, 7632–7644 (2013).
5. Nemir, S. & West, J. L. Ann. Biomed. Eng. 38, 2–20 (2010).
6. Murphy, W. L., McDevitt, T. C. & Engler, A. J. Nature Mater. 

13, 547–557 (2014).
7. Zhao, B., Tumaneng, K. & Guan, K.-L. Nature Cell Biol. 

13, 877–883 (2011).

Neuroepithelia

Neural
induction

Neuronal
patterning

Neuronal
maturation

Motor neuron
progenitors

Self-renewing
stem cells

Functional
motor neurons

ba

Figure 1 | Differentiation of stem cells into motor neurons. a, Stem cells are directed through each stage (induction, patterning and maturation) by 
adding small molecules that initiate or block key developmental pathways to the culture media. b, Typically, the cell culture process is carried out on rigid 
substrates such as glass coverslips. However, the use of micropillared polymer substrates with tunable rigidity shows that soft substrates lead to the 
differentiation of hPSCs into functional motor neurons more rapidly and with higher yield than rigid substrates1. Panel b courtesy of Y. Tao, R. Anderson, 
Y. Sun and J. Fu.
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