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Substrate elasticity modulates the responsiveness of mesenchymal stem cells
to commitment cues

S. Gobaa,* 1 S. Hoehnel® " and M. P. Lutolf “*"

Fate choices of stem cells are regulated in response to a complex array of biochemical and physical
signals from their microenvironmental niche. Whereas the molecular composition and the role of
mechanical niche cues have been extensively studied, relatively little is known about how both effectors
act in concert to modulate stem cell fate. Here we utilized a recently developed artificial niche
microarray platform to investigate whether the stiffness of a cell culture substrate influences how niche
signaling factors exert their role on adipogenic differentiation of human mesenchymal stem cells (hMSC).
We found that substrate stiffness imposes a strictly non-overlapping range of differentiation, highlighting
the dominance of physical over the biochemical factors. At a given stiffness, a significant protein-
dependent effect on adipogenic differentiation was observed. Furthermore, we show that synergistic
interactions between proteins can also be driven by the substrate stiffness. Our results thus highlight the

importance of considering the mechanical properties of a target tissue when investigating biochemical

niche signals in vitro.

Introduction

Cellular niches are composed of numerous biomolecules
including growth factors, cell-cell interaction proteins and
extracellular matrix (ECM) signals. Apart from these
biochemical regulators, various stem cell types have been
shown to alter their fate in response to biophysical properties of
the niche including its elasticity' or topography.>* For instance,
hMSC actively sense the mechanical properties of their
environment to differentially commit to osteogenic, myogenic
or neuronal lineages depending on the elasticity of their
substrates.*® However, to what extent interactions between
biophysical and biochemical niche cues modulate stem cell fate
remains unclear.’

Stem cell niches are complex entities whose effects on stem
cell fate are difficult to elucidate directly in vivo where the loss
of a biomolecule can be readily restored or compensated by
other signals in the surrounding.® Traditional in vitro culture
methods are often poorly suited to dissect the complex cocktail
of biochemical cues that balance stem cell self-renewal and
differentiation. To overcome this limitation, microenvironment
arrays have been developed for the screening of extrinsic cell
fate regulators via (high-throughput) robotic spotting of
biomolecule combinations.” !> However, these platforms lack
the ability to simultaneously explore biophysical effectors, as
they were produced on glass or acrylamide gels with fixed
composition. In an effort to enrich the capabilities of such
screening platforms by enabling the study of biochemical
regulators in the context of variable substrates stiffness, we
have developed artificial niche arrays consisting of
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poly(ethylene glycol) (PEG)-based hydrogel microwell arrays
of variable substrate stiffness wherein each microwell can be
functionalized independently with a desired combination of
biomolecules. '

In the present work our aim was to better understand the
interplay of biochemical and biophysical factors that control
adipogenic differentiation of hMSCs. We therefore chose to
simultaneously interrogate the effect of multiple protein
combinations across variable substrate stiffness. This approach
allowed us to hierarchically classify the importance of each
niche cue in inducing differentiation. We demonstrate that
substrate stiffness always overrides the effect of biochemical
signals. However, within stiffness categories, the action of
proteins accounts for a large part of the adipogenic
differentiation with protein effects that are either dominant or
context-dependent. Our results stress the importance of
considering physical microenvironmental parameters when
testing the effect of particular biochemical signaling cues on
stem cell fate.

Experimental methods

Measurements of substrate stiffness

Hydrogel discs of 1 mm thickness and 50 pl volume were cast
between two SigmaCote (Sigma) treated glass slides. Shear
moduli (G’) of gels, left to swell for 24h prior to measurements,
were obtained using a Bohlin Instruments C-VOR rheometer.
Swollen hydrogel disks were placed centrically on the bottom
plate. The gap size was lowered to 800 um (compression: 0.2)
to avoid gel movement. A linear frequency sweep was carried
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out from 0.1 to 10 Hz with 5% shear stress constantly applied
to measure G’, G’ and the phase angle ®. As G’ values
remained constant over the measured frequency range, the
average G’ was considered as the equilibrium shear modulus of
the network.

Artificial niche array preparation

Hydrogel microwell arrays were prepared as previously
described." In brief, thin PEG hydrogel films formed by two
10kDa PEG precursors bearing either thiol or vinylsulfone
groups (NOF corporation) were cast at the bottom of four-well
plates (Nunc). Three distinct levels of stiffness were obtained
by mixing the precursors at different mass to volume ratios.
Excess TH-groups (1.2mM) as well as maleimide-
functionalized Protein A (85ug ml™') were introduced in the
bulk PEG hydrogel to allow for covalent binding with
maleimide-functionalized proteins or Fc-tagged proteins
respectively. A topologically structured silicone stamp, custom-
made by microfabrication, was used to emboss the partially
cross-linked hydrogel film and to transfer desired proteins or
protein combinations to the bottom of the imprinted
microstructures, i.e. microwells. To achieve this, proteins and
protein combinations were pre-mixed in a 384-microtiter
master plate in a 10ul volume prior to robotic printing using a
QArray DNA spotter (Genetix Ltd.). A software interface
(QSoft) was programmed to arrange protein combinations on
the final array with two randomized designs. Subsequent to
printing and embossing, arrays were de-molded, washed with
PBS and UV-sterilized. Passivation of the arrays by overnight
treatment with a 0.1% (w/v) Pluronic PE6800 (BASF) at 37°C
was carried out to minimize non-specific cell attachment to the
non-functionalized PEG surface.

Protein screen

Nine proteins were chosen among known MSC signaling
cascades; i.e. Wnt-, BMP- and Notch-pathway. Two cell-cell
interaction molecules as well as a fibronectin fragment 9-10
(FN III(9-10)) were also included. A combinatorial screen was
performed on the single proteins as well as their combinations
of two. A full list of arrayed proteins and respective
combinations, concentrations and suppliers are given in
Supplementary Table S 1. All proteins were provided as
recombinant and carrier-free. The initial bioactivity was
guaranteed by the manufacturer. Lyophilized proteins were first
reconstituted  according to  supplier instructions at
concentrations between 250 to 1000 pg ml™'. Protein candidates
not harboring an Fc-tag were modified with a hetero-
bifunctional NHS-PEG-maleimide linker (3.5 kDa, JenKem
Technology) for covalent binding to excess thiols in the bulk
PEG hydrogel. Of note, bioactivity loss after protein
PEGylation was tested and found to be minimal
(Supplementary Fig. S2) Proteins were prepared as printing
solutions composed of the protein or proteins at a final
concentration of 50pug ml-1 in PBS or borate buffer (0.1 M,
pHS, Sigma-Aldrich), FN III(9-10) at a concentration of 800 pg
ml™'; all containing 30% (v/v) glycerol.

Cell culture

Human MSCs (patient 101001) were purchased from Biopredic.

Cells were derived from the iliac crest of a 34 year old male
donor and phenotypically characterized by FACS for the
presence of the surface antigens CD13, CD90, CD73, CD29,
CD166, CD105 and for the absence of CD45, CD31 and CD34.

This journal is © The Royal Society of Chemistry 2012

MSCs were obtained as passage 1 cells and expanded to
passage 3 (p3) in expansion medium containing ao-MEM
(Gibco) supplemented with 10% fetal calf serum (FCS,
Hyclone, batch AUA33984), 2 mM L-glutamine (Sigma),
100 U ml™" penicillin/ streptomycin (Invitrogen) and 1ng ml™
human FGF2 (Peprotech). Expanded hMSCs were stored as
aliquots in FCS containing 10% DMSO (Sigma) in liquid
nitrogen until use. The adipogenic potential of the p3 cells was
verified by culturing hMSCs in adipogenic differentiation
medium for 5 to 21 days consisting of low glucose DMEM
(Gibco) supplemented with 20% FCS, 0.5 mM IBMX (Sigma),
60 uM indomethacin (Fluka) and 1 uM dexamethasone (Sigma)
(data not shown). For array seeding, hMSCs p3 were unfrozen
24h prior to the experiment in expansion medium not
containing FGF2. FGF2 was depleted from the expansion
medium from this point onwards to avoid interactions with
arrayed proteins. Cells were subsequently trypsinized using
0.05% trypsin/EDTA (Invitrogen) and cell density adjusted to
7.5E4 cells per 4 ml seeding volume per array. After lh
incubation, arrays were washed with PBS to remove non-
adherent MSCs. Adipogenesis was induces by culturing the
cells in the above mentioned differentiation medium for 11
days.

hMSCs were seeded atop the arrays and captured within the
microwells through gravitational sedimentation, where they
attached in the presence of FNIII9-10. Unbound cells between
microwells or in microwells harboring no cell-adhesive protein
were washed off the array using PBS. Numbers of captured
cells at day 0 (CellDO) were Poisson distributed across the
whole array. We previously reported an optimal seeding density
of 7.5E4 cells per seeding volume for arrays probing
adipogenic differentiation.’® Resultantly, the majority of the
microwells harbor two to four cells per microwell. Also, across
the levels of stiffness, no difference in initial cell distributions
could be observed.

Following cell capture, microwell arrays were cultured in
adipogenic induction medium for a period of 11 days. To
examine the effect of different proteins on adipogenic
differentiation, proliferation and cell morphology, arrays were
fixed at the end of the culture time and stained with Nile Red
(lipid vesicles), DAPI (nuclei) or Phalloidin (cytoskeleton)
respectively. Cell nuclei were identified using segmentation
algorithms on the DAPI channel integrated in MetaMorph.
Morphology was assessed by thresholding the Phalloidin signal
per microwell. Differentiation was quantified by integrating the
thresholded Nile Red signal per microwell. The measured
parameters were extracted as indices averaged per total number
of cells at day 11 (CellD11) in each respective microwell.

Immunohistochemistry

MSCs on arrays were fixed after 11 days in culture using 4%
PFA (Fluka) for 15 min at RT. Adipogenic differentiation
was detected by staining lipid content using Nile Red (Sigma,
Ipg ml'). Nuclei were stained with DAPI (Sigma,
Iug ml™"). After lipid vesicle imaging, cells on arrays were
permeabilized for 5 min using 0.02% Triton-X prior to staining
f-actin with Alexa488-phalloidin  (Invitrogen, 2U ml™).
Minimal staining volume for arrays is 1 ml to avoid drying-out.

Real-time quantitative RT-PCR

RNA extraction was performed using TRIzol Reagent (Ambion,
life technologies) according to manufacturer’s instruction. RNA
was co-precipitated using 7.5ug RNase-free glycogen
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(glycoblue, life technologies). cDNA was synthesized using
1pg RNA using iScript Select cDNA Synthesis Kit (Bio-Rad)
and real-time PCR was carried out with the gene-specific
primer sets (Supplementary Table S3) using Power SYBR
Green PCR Master Mix (Applied Biosystems) with the Applied
Biosystems 7900HT System. The expression of genes of
interest was normalized to that of GAPDH in all samples. Fold
changes were calculated with respect to the FNIII(9-10) control
at the given stiffness. .

Microscopy and data analysis

All images were acquired with a Zeiss Axio Observer Z1
Inverted Microscope. An incubation chamber controlling
temperature and CO2 levels allowed for live cell imaging.
Image mosaics were acquired and reconstituted using
MetaMorph software (MDS INC., USA). Full array scans in
brightfield were taken at day O in order to determine initial cell
numbers per well (CellDO). After 11 days of differentiation
culture, arrays were stained with DAPI and the relevant
metabolic/ IHC protocol. Scanning was performed field—wise in
order to adjust focus variations using an automated custom
‘scanslide’ script. Contour plots where generated in R (R V3.1.2)
by using the contour and kde2d functions of package graphics and
MASS respectively. A multivariate analysis using generalized linear
models (glm) or linear models (Im) was performed on the entire
dataset to explain differentiation and proliferation (R V3.1.2).
Initially, factors including randomization, protein combinations,
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all combinations thereof were considered to explain variation in
adipogenic differentiation index (see also Supplementary Fig. S4). In
a second step, the model was adjusted with the stepAIC procedure to
minimize the inflation of variance. The final adjusted model, limited
to relevant main factors and second-order interactions, accounted for
more that a third of the measured variance (R = 0.34). The
significance of the different factors including substrate stiffness (p <
0.001), protein combinations (p < 0.001) and initial cell density (p <
0.001) was assessed with the dropl procedure. The distribution of
the residuals from the multivariate analysis was evaluated by the
Tukey-Anscombe and the QQ-plots methods in order to verify that
the assumptions of ANOVA (homoscedasticity, normality) were met.
The produced averages were obtained by the LSMeans function of
SAS software V9.0. All p values where adjusted with a Bonferroni
correction to account for errors due to multiple comparisons.

Results and discussion

High-throughput screening of multifactorial microenvironments

Over the past decade a number of signaling pathways have been
associated to the regulation of hMSC differentiation.
Accordingly, Wnt and BMP signaling predominantly promote
osteogenesis'* '° even though some reports challenged these
findings by showing osteogenesis-inhibitory and pro-
adipogenic effects.'® 7 This suggests that protein actions could
be highly context-dependent and possibly linked to other
biochemical or biophysical signals. To better understand the
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differentiation, we interrogated the role of putative hMSC niche
effectors by employing a previously developed artificial niche
microarray technology.'> We arrayed 67 combinations of 11
different proteins on hydrogel substrates with contrasted
mechanical properties (Fig. 1 A). Nine proteins were chosen as
agonist or antagonist of Wnt-, BMP- and Notch-signaling
pathways as well as two cell-cell or cell-ECM interaction
molecules (N-Cadherin and Laminin). We also employed a
cell-binding  fibronectin  fragment 9 and 10 of
the fibronectin type III module (FNIII(9-10)) in all the
microenvironments to promote cell adhesion.

Each unique signaling microenvironment was printed 28
times per array. A fully randomized block design ensured that
every microenvironment could be observed in at least eight
distinct neighboring situations to avoid positional bias and local
paracrine effects. The arrays were produced in triplicates
allowing the collection of data in 84 microwells per protein
combination and stiffness. Since the initial cell density per
microwell can strongly influence adipogenic differentiation,'
all niche arrays were imaged within four hours after seeding

A C

Phase DO

variable in the constructed statistical Generalized Linear Model
(GLM). Notably, no initial difference in average cell density on
arrays of variable matrix stiffness was observed (Fig. 1 B).
After 11 days in adipogenic differentiation culture, cells were
fixed and the extent of differentiation, measured by lipid
accumulation stained by Nile Red, was quantified for every
microwell (Fig. 1 C). A multivariate statistical analysis was
performed on the complete dataset in order to document the
relative importance (hierarchy) of each artificial niche and to
quantify the contribution of the interactions between niche
effectors to adipogenic differentiation (Supplementary Fig. S4).
We also quantified the hMSC surface area that was obtained
by a cytoskeletal stain of fixed cells at the end of the
experiment (Fig. 1 C). The rationale for including this read-out
was to be able to correlate differentiation with modification of
the cell surface area. Indeed, these two traits are strongly
negatively correlated (R -0.89) in all of the
microenvironments we analyzed, as we show later on (Fig. 4 C).
Higher lipid accumulation always resulted in smaller and
increasingly round cells. In order to understand if this smaller
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and the initial cell densities were used as an explanatory
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surface area on soft gels was the result or was the cause of
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higher adipogenic differentiation, we quantified cell surface
area as early as six hours after seeding hMSCs, before the
appearance of any lipid vesicle. We found that hMSC already
acquired significantly lower (p < 0.001) cell surface areas on
soft substrates (Supplementary Fig. S 5). This is in line with an
extensive body of work demonstrating that stiffness-triggered
cytoskeletal reorganization drives stem cell differentiation.'®

Effect of substrate stiffness on adipogenic differentiation

In an attempt to recapitulate the range of mechanical properties
to which hMSC can be exposed to in vivo®, we produced arrays
with shear moduli (G’) ranging from 9 to 53kPa (corresponding
to Young’s moduli E of ca. 30-150kPa). This stiffness range
was achieved by adapting the concentration of PEG precursors
during hydrogel formation as previously reported'® (Fig. 2 A).

As expected, the increase in matrix stiffness resulted
in a decreased average adipogenic differentiation (Fig. 2 B-C).
Of note, when the observations made in every microwell were
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plotted as a function of differentiation and proliferation, hMSCs
responses segregated into two distinct populations; one
population characterized by quantifiable lipid accumulation and
another where differentiation remained under or very close to
the detection threshold. The relative importance of each
population was significantly dependent on the rigidity of the
culture substrate (p < 0.001) (Fig. 2 D). Increasing stiffness
clearly prevented a larger fraction of hMSCs to reach detectable
lipid vesicle accumulation.

These data confirm that the lineage specification of stem
cells can be determined by matrix elasticity.* ** % Intriguingly,
the observation of adipogenesis on artificial niches also
revealed that lower stiffness allows a larger population of MSC
to accumulate fat rather than a higher lipid content per
differentiated cell. This challenges how the heterogeneous
behavior of MSC is explained by imperfect isolation®*, as our
data indicates that heterogeneity in hMSC fate can be at least
partially driven by environmental cues (Fig. 2 D).

Elasticity modulates the responsiveness to commitment cues

Our high-throughput artificial niche screening approach offers
the unique ability to observe, in a single experiment, the
combined effects of biophysical and biochemical cues. This
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sheds light on synergistic combinations highly instructive of
stem cell fate. We first looked at the effect of the spotted
protein across three levels of stiffness. We found that proteins
could never counteract the effect of matrix elasticity on
adipogenesis (Fig. 3 A). Each stiffness imposed a strictly non-
overlapping range of differentiation (Fig. 4 C). However, for a
given stiffness a significant protein-dependent effect on
adipogenesis can be observed. These observations suggest that
matrix stiffness is the key factor determining the range of
achievable adipogenic differentiation. Within stiffness-imposed
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differentiation. Moreover, we observed that the effect of
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CCL2 or Wnt5a clearly showed a smaller decrease in
differentiation upon stiffness increase compared to the
prediction of a linear model (Supplementary Fig. S 6).

This context-dependent effect results in a ranking of the
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containing either BMP2 or CCL2, hMSCs showed reduced levels of adipogenic differentiation, whereas the combination of

the two proteins strongly increased lipid vesicle accumulation. (B) At the population level, the negative effect of CCL2 is

explained by an average low but consistent accumulation of lipid vesicle. On the contrary, BMP2 was found to decrease the

frequency of detectable lipid accumulation. The combination of the two proteins allowed higher quantity and a higher

frequency of lipid accumulation. (D) This interaction was found to be occurring only for an elastic modulus approaching the

elastic modulus of native adipose tissue (here G'=10kPa) and was confirmed by quantitative analysis of gene expression,
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clustering of the different combinations (Fig. 3 B). Together,
these results demonstrate that the interaction between physical
and biochemical cues is dominated by the physical cue and that
proteins largely differ in the ability to maintain a consistent
effect across different stiffnesses.

Effect of tethered proteins on adipogenic differentiation

Although less dominant than substrate stiffness, some of the 67
tethered protein microenvironments were found to efficiently
contribute to adipogenesis.. Documenting the effect of each
protein or protein combination confirmed the negative effect of
BMP2 on adipogenic differentiation on all levels of stiffness
(Fig. 3 A). We also observed that Wnt signaling impaired
adipogenic  differentiation in our experimental setup.
Conversely, the repression of the Wnt pathway by spotting an
antagonist (DKK1) favored adipogenesis. Furthermore,
triggering Notch signaling (Jagged, DLL4) or antagonizing it
(DLK1) had effects that are dependent on the stiffness of the
substrate. Cell-cell or cell-matrix interaction proteins, such as
Laminin, Jagged or N-cadherin, and Notch signals showed
additive pro-adipogenic effects. Whether these proteins are
acting by imposing cytoskeleton remodeling® *° or directly on
the lipid metabolism needs to be further elucidated.

When all single proteins were combined, hierarchical
clustering showed that every protein had either context-
dependent or more dominant effects (Fig. 3 B). On soft
hydrogels, Wnt5a had a dominant effect as it imposed lower
adipogenic differentiation and larger cell area when spotted in
combination with any of the other 10 proteins. Similarly,
Laminin, Jaggedl and N-cadherin had a rather dominant effect,
promoting higher differentiation and smaller cell areas. In
contrast, proteins such as CCL2 or DLK1 were found in both
pro- and anti-adipogenic microenvironments. We also observed
that the classification as dominant or context-dependent
effectors was strongly altered upon increase of the substrate
stiffness. The level of organization in the three stiffness clusters
is decreasing with increasing stiffness. Proteins such as BMP2,
Whnt5a, Jagged or Laminin 1 are having less and less dominant
effect on cell area and on differentiation when rigidity of the
substrate increased.

The effect of other proteins such as CCL2, DKK or DLK1
remained context-dependent across the investigated stiffness
range. When all the combinations were taken into account, the
negative correlation of substrate stiffness and adipogenesis was
maintained for all protein combinations (Fig. 3 B). We
demonstrate how the mechanical stimulus can synergistically
enhance or repress a given biochemical cue. We rule out that
the immobilized proteins themselves can serve as mechanical
triggers through differential anchoring on varying stiffness®’, as
in all conditions the adhesion on the PEG microwell arrays was
mediated by a short fragment of fibronectin. Furthermore,
through our designed immobilization scheme of proteins via (i)
Michael-type addition and (ii) incorporated Protein A, the
amount of reaction sites was held constant and a possible
conformation change of proteins consequently unlikely as
additionally demonstrated previously by homogeneous
immunohistochemical staining of immobilized proteins on
varying stiffness'.

Artificial niche screening reveals synergistic interactions

The artificial niche platform was finally used to investigate
synergistic effects arising from 3-way combinations (two
proteins across three stiffness domains). Here our approach
offers the unique opportunity to contextualize the synergistic
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interaction and to classify them as stiffness-dependent or
stiffness-independent. For instance, we observed that on
average both BMP2 and CLL2 lowered adipogenesis when
spotted alone on the softest substrates (Fig. 4 A-B). It appeared
that the negative effect of CCL2 was due to an average lower
Nile red signal in all microwells containing only this protein,
although the frequency of detectable differentiation was very
high in the CCL2 microwells. BMP2 had the exact opposite
effect, promoting high accumulation of lipid only at a
low frequency. Interestingly, when these two proteins were
spotted in combination, a microenvironment supporting strong
adipogenesis was created. This microenvironment triggered
higher lipid accumulation at higher frequency, demonstrating
the synergy of the two modes of action. Noticeably, this
interaction did not resist the increase of stiffness
probably because the negative effect of BMP2 became
dominant (Fig. 4 B and D). These observations were confirmed
by the analysis of relative gene expression using real-time
gPCR of key adipogenic genes, such as PPARy (Fig. 4 C) and
lipoprotein lipase (LPL), C/EBPa and adiponectin (AdipoQ)
(Supplementary Fig. S 7).

Conclusions

We demonstrate in this study that the elasticity of a given
substrate can modulate the responsiveness of mesenchymal
stem cells to differentiation signals. The high-throughput
modulation of micro-environmental parameters in a single
experiment allowed the establishment of a hierarchy of
extrinsic cell fate effectors, where mechanical stimuli of
adipogenic differentiation override the biochemical one.
Moreover, dissecting the determinants of adipogenesis in a
systematic fashion shed light on how this process is coordinated
at the level of the cell population. We could demonstrate that
two concurrent modes-of-action are at play. First, we found that
the frequency of positive cells for lipid accumulation was
mostly determined by substrate stiffness. But we also
demonstrated that the extent of lipid accumulation was
preferentially driven by the biochemical context. The intricate
action of these two mechanisms was illustrated for example by
the synergistic interaction between CCL2 and BMP2, yielding a
highly potent microenvironment capable of increasing both
frequency and intensity of adipogenesis specifically on low
stiffness substrates. Taken together, the presented work
emphasizes the need of performing experiments targeted to
identify niche signals in a relevant biophysical context.
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