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Mesenchymal stromal/stem cells (MSCs) form a heterogeneous
population of multipotent progenitors that contribute to tissue
regeneration and homeostasis. MSCs assess extracellular elasticity
by probing resistance to applied forces via adhesion, cytoskeletal,
and nuclear mechanotransducers that direct differentiation to-
ward soft or stiff tissue lineages. Even under controlled culture
conditions, MSC differentiation exhibits substantial cell-to-cell var-
iation that remains poorly characterized. By single-cell transcrip-
tional profiling of nonconditioned, matrix-conditioned, and early
differentiating cells, we identified distinct MSC subpopulations
with distinct mechanosensitivities, differentiation capacities, and
cell cycling. We show that soft matrices support adipogenesis of
multipotent cells and early endochondral ossification of nonadipo-
genic cells, whereas intramembranous ossification and preosteo-
blast proliferation are directed by stiff matrices. Using diffusion
pseudotime mapping, we outline hierarchical matrix-directed dif-
ferentiation and perform whole-genome screening of mechanor-
esponsive genes. Specifically, top-ranked tropomyosin-1 is highly
sensitive to stiffness cues both at RNA and protein levels, and
changes in TPM1 expression determine the differentiation toward
soft versus stiff tissue lineage. Consistent with actin stress fiber
stabilization, tropomyosin-1 overexpression maintains YAP1 nuclear
localization, activates YAP1 target genes, and directs osteogenic dif-
ferentiation. Knockdown of tropomyosin-1 reversed YAP1 nuclear
localization consistent with relaxation of cellular contractility, sup-
pressed osteogenesis, activated early endochondral ossification
genes after 3 d of culture in induction medium, and facilitated adi-
pogenic differentiation after 1 wk. Our results delineate cell-to-cell
variation of matrix-directed MSC differentiation and highlight
tropomyosin-mediated matrix sensing.

mechanobiology | single-cell analysis | mesenchymal stem cells | cell
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Mesench)mlal stromal/stem cells (MSCs) are present in all
vascularized compartments owing to their perivascular ori-
gin, and as such they can be isolated from bone marrow, fat, pla-
centa, and other tissues (1, 2). The definition of MSCs relies on
their surface adherence and expansion in culture, the expression of
several mesodermal and absence of hematopoietic surface mark-
ers, and retaining a multilineage differentiation capacity toward
fat, cartilage, and bone under defined induction media. This elu-
sive definition permits a significant molecular and phenotypic
variation between cells that were derived from different donors,
different tissues of the same donor, different clones isolated from
the same tissue, and different cells of the same clone (3-5). MSCs
have drawn considerable clinical interest for mediating immuno-
modulatory effects and for their “stemness.” (6) However, the in-
consistent clinical outcomes of MSC-based treatments may suggest
that the therapeutic efficacy of MSCs is compromised by their
heterogeneous immunomodulatory and differentiation potential
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(7, 8). Characterizing MSC heterogeneity and its clinical implica-
tions will thus improve experimental reproducibility and biomedical
standardization.

MSC:s are highly sensitive to the mechanical properties of their
microenvironment. These extracellular, tissue-specific cues are
actively probed by all adherent cells (9-12), whereas impaired
mechanosensitivity is leveraged by oncogenically transformed
cells for evading apoptotic pathways (13). The mechanical resis-
tance of the cellular microenvironment to cell-generated forces is
set by extracellular elasticity and geometrical boundary conditions
(14). These stress—strain relationships can be converted into bio-
chemical signals through the forced unfolding of linker proteins
(15, 16), force-sensitive (17) and catch-bond adhesions to extra-
cellular matrix (ECM) ligands (18, 19) and to neighboring cell
receptors (20, 21), tension-mediated filament stabilization (22,
23), or direct physical stretching of chromatin loci in the nucleus
(24). The emerging intracellular signals are mediated via a number
of pathways that regulate gene expression and direct cell fate
decisions (25, 26). The resulting upregulation of cytoskeletal and
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force-generating target genes stabilizes a contractile cell state with
positive feedback to extracellular stiffness (27, 28).

Here, we exposed bone marrow—derived MSCs, which had been
harvested for bone marrow transplantation treatments (Methods),
to matrices with controlled elasticities and to a bipotential in-
duction mixture that permits differentiation toward fat or bone.
To gain insight into the implications of MSC heterogeneity on
cellular mechanosensitivity and multipotency, we transcriptionally
profiled the cells via whole-genome single-cell RNA sequencing at
nonconditioned, matrix-conditioned, and early differentiating
stages. Unsupervised clustering of MSC subpopulations and dif-
fusion pseudotime mapping revealed a bifurcation of cell state
propagation between differentiated and nondifferentiated fates.
Whole-genome screening highlighted tropomyosin-1 (TPM1) as a
matrix-responsive gene, which was experimentally validated. Using
targeted gene silencing and overexpression, TPM1 was found to
be a highly potent regulator of cell differentiation downstream of
tissue-level matrix mechanics. Characterizing cell-to-cell variations
among the response to matrix and differentiation cues during cell
state propagation contributes to elucidating MSC heterogeneity
with future implications to cell-based therapeutics.

Results

Cell-To-Cell Variation in MSC Mechanosensitivity. MSC differentia-
tion toward soft and stiff tissue lineages is a tightly regulated
process that integrates mechanical inputs and biochemical cues
from the microenvironments (29-31). Here we studied low-

passage MSCs that were obtained from bone marrow donors
during allogeneic transplantation. To study how matrix elasticity
directs differentiation toward adipogenesis or osteogenesis leading
to fat and bone lineages, respectively, we expanded the MSCs on
polystyrene and seeded them on collagen-coated hydrogel sub-
strates with controlled stiffness: The “soft” collagen-coated hydro-
gel matrix (2 kPa) mimics the elasticity of adipose tissue (32), and
the “stiff” chondrogenic pericellular matrix and osteoid matrix
(25 kPa) (29, 33, 34) mimics the cartilaginous endochondral os-
sification/osteoid microenvironment (Fig. 1 A4, i) (14). Cells were
matrix conditioned in basal medium for 3 d before basal medium
was replaced with bipotential induction medium that permits
adipogenic and osteogenic differentiation (Fig. 1 A4, i) (35, 36).
MSCs cultured on stiff matrix appear to spread more than those
cultured on soft matrix (Fig. 1 B, i); the stiff matrix provides
support for the striated organization of mature actomyosin stress
fibers (37). Cell and nucleus projected areas are established
markers of cell mechanosensitivity, yet only 25% of the cells
spread more and nuclei became more stretched and flattened on
stiff matrices than soft, thus reflecting cellular heterogeneity (Fig.
1 B, ii). Adipogenic differentiation was assessed via Nile-red
staining of neutral lipid droplets in cells after 10 d of culture on
soft and stiff matrices in different media (S Appendix, Fig. S1 A4, i
and ii). Adipogenesis was favored on soft matrices under sup-
portive medium conditions (SI Appendix, Fig. S1B). Similarly,
osteogenic differentiation was evaluated via Alizarin-red staining
of calcium deposition of cells after 17 d of culture on soft and stiff
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signals. (A, i) Experimental design: Nonconditioned
(NC) MSCs were seeded on Day 0 (D0) on soft (2 kPa)
and stiff (25 kPa) collagen-coated hydrogel matrices
that mimic fat and that mimic the cartilaginous en-
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respectively. (A, ii) Following 3 d of matrix condi-
tioning in basal medium, cells were cultured in
adipo-osteogenic bipotential induction medium to
study matrix-directed lineage commitment. Cell fate
decisions toward adipogenic or osteogenic differ-
entiation was evaluated on day 10 and day 17, re-
spectively. Nonconditioned, matrix-conditioned, and
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early differentiating MSCs were harvested on day
0 (388 cells), day 3 (soft: 467 cells; stiff: 450 cells),
and day 6 (soft: 534 cells; stiff: 951 cells), respectively
and analyzed by single-cell transcriptional profiling.
(B, i) Phalloidin staining of matrix-conditioned MSCs
(male donor, age 40) exhibit striated organization of
mature actomyosin stress fibers on stiff matrices and
loosely organized F-actin networks on soft matrix.
(Scale bar, 50 pm.) (B, ii) Distributions of cell and
nucleus projected area are compared between soft
and stiff matrices. (C) Single-cell transcriptomes of
MSCs (male donor, age 40) were divided into nine
subpopulations using unsupervised k-means cluster-
ing at the dimensionality reduced principal compo-
nent space. Associations between subpopulations
were projected onto a t-SNE map. (D) MSC subpop-
ulations are characterized by (/) cell state, (i/) matrix
elasticity, (iii) early differentiation, and (iv) cell cy-
cling. NC: nonconditioned, MC: matrix conditioning,
and DI: differentiation induction.
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matrices in different media (S Appendix, Fig. S1 C, i). During this
period, the cells maintained a homogenous coverage and reached
high confluence on all matrices (SI Appendix, Fig. S1 C, ii).
Osteogenesis was quantified based on spectroscopic absorption of
accumulated dye demonstrating the contributions of matrix stiff-
ness in all medium conditions (SI Appendix, Fig. S1D). Despite the
clear effects of matrix mechanics, most cells failed to undergo
adipogenesis even under optimal adipogenic conditions, and a
fraction of cells differentiated counter to matrix elasticity. Thus,
population averages of matrix-directed cytoskeletal organization,
cell and nucleus projected morphologies, and cell differentiation
assays confirmed active mechanosensitivity (9), but the observed
cell-to-cell variability is indicative of a heterogeneous response to
mechanical cues as previously reported (4, 5, 38).

Matrix Sensitivity, Early Differentiation, and Cell Cycling Define
Distinctive MSC Subpopulations. To characterize cell-to-cell variation
in matrix-directed cell fate decisions, we employed microfluidics-
based single-cell RNA sequencing (39, 40) and profiled tran-
scriptomes of cells in the nonconditioned state (388 cells), matrix-
conditioned state (soft: 467 cells, stiff: 450 cells), and early
differentiation induction (soft: 534, stiff: 951 cells). Single-cell
transcriptomes were dimensionally reduced via principal compo-
nent analysis (PCA) of highly variable genes (SI Appendix, Fig.
S24). Transcriptomes clustered according to their cell state
(nonconditioned, matrix-conditioned, and differentiation induc-
tion), and the corresponding technical replicates further clustered
according to matrix elasticity (SI Appendix, Fig. S2B). All single-
cell transcriptomes were divided into nine subpopulations using
unsupervised k-means clustering in the PCA space and projected
onto a t-distributed stochastic neighbor embedding (t-SNE) map
(Fig. 1C). Matrix-conditioned cells analyzed on day 3 were divided
between soft and stiff clusters (D3Soft and D3Stiff) and a cohort
of cycling cells that were cultured on both matrices (D3Cyc). Early
differentiation state cells, analyzed on day 6, were divided between
adipogenic (D6SoftAD) and nonadipogenic (D6SoftNA) soft-
matrix clusters and osteogenic (D6StiffOS) and nonosteogenic
(D6StIffNO) stiff-matrix clusters. Unsupervised clustering paral-
leled the experimental parameters cell state and matrix elasticity
(Fig. 1 D, i and ii) and correlated with established gene signatures
of adipogenic (41, 42) and osteogenic (41, 43-46) differentiation
and cell cycling (40) (Fig. 1 D, iii and iv). Unlike matrix-
conditioned cycling subpopulation analyzed on day 3, the day 6
early differentiating cycling population consisted mainly of cells
that were cultured on stiff matrix and enriched for osteogenic
cells. Satisfyingly, the technical replicates of matrix-conditioned
and early differentiating transcriptomes overlapped onto the
t-SNE map in accordance with the specified subpopulations (S
Appendix, Fig. S2C). Cell state, matrix elasticity, differentiation,
and cell cycling characterization of the clusters is summarized in
Table 1.

Clustering of gene intensities across single-cell transcriptomes
highlights the associations of nonconditioned, matrix-conditioned,
and early differentiating state subpopulations (Fig. 24). Genes
that were differentially expressed across cell states (Fig. 2 B, i and
Dataset S1) underlie the transition from polystyrene to collagen-
coated matrices (matrix conditioning) to bipotential induction
medium (early differentiation). ECM and cell adhesion genes
encoding paxillin, elastin, and aggrecan were highly expressed in
nonconditioned cells, whereas genes encoding vinculin, fibronectin-
1, and lysyl oxidase collagen cross-linker were upregulated in
matrix-conditioned cells. Matrix adhesion and ECM genes were
downregulated in early differentiating cells, and insulin growth
factors 1 and 2 and the related binding protein gene IGFBP2 were
upregulated (Fig. 2 B, i). Next, we identified genes that were dif-
ferentially expressed on soft versus stiff matrices (Fig. 2 B, ii). Stiff
matrices supported upregulation of genes involved in actin binding
and the actomyosin cytoskeleton during matrix conditioning in
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basal medium (D3Stiff versus D3Soft) and in nonosteogenic cells
(D6StffNO versus D6SoftAD) and nonadipogenic cells (D6Stif-
fOS versus D6SoftNA) under bipotential induction conditions.

On soft matrix, upregulation of oxidative phosphorylation genes,
which are associated with biogenesis during preadipocyte differ-
entiation (47), parallels upregulation of adipogenic markers in
D6SoftAD cells that differentiate into adipocytes (Fig. 2C). In
nonadipogenic cells that were cultured also on soft matrices
(D6SoftNA), nuclear-encoded oxidative phosphorylation genes
are downregulated, and endochondral ossification markers are
upregulated (Fig. 2C) (48). Endochondral ossification is linked
with a low-oxidative phosphorylation state already during day 3
soft matrix conditioning (SI Appendix, Fig. S3 A and B). Unlike
soft matrices that support adipogenesis and endochondral ossifi-
cation, direct osteoblast differentiation via membranous ossifica-
tion (D6StiffOS and D6Cyc cells) is supported by stiff matrices as
indicated by upregulation of osteogenic markers. Gene ontology
(GO) analysis showed enrichment of genes annotated with fatty
acid metabolism, oxidative reduction, and lipid localization terms
in D6SoftAD cells, in cartilage organization in D6SoftNA cells but
not D6StIffOS cells, and in ECM, adhesion, and actin cytoskeletal
terms in stiff-matrix— (D3Stiff) but not soft-matrix—conditioned
cells (D3Soft) (Fig. 2D).

Matrix-Directed Cell Fate Decision-Making Processes Revealed by
Diffusion Pseudotime Mapping. The single-cell transcriptomes pro-
vide multicellular snapshots of matrix-directed cell fate decision-
making that highlight cell-to-cell variation. To reconstruct the
effective propagation to matrix conditioning and early differenti-
ation, we employed diffusion pseudotime analysis, which measures
random-walk transcriptomic distances between cell states (Fig. 3.4
and B) (49, 50). Cells propagated from DOPS to D3Soft or D3Stiff
states and bifurcated between adipogenic and nonadipogenic fates
on soft matrix. On stiff matrix, the bifurcation was between oste-
ogenic and nonosteogenic fates. Upstream of bifurcation, the
pseudotime propagation rate appears to be slower on stiff matrix
than soft matrix. Differences in pseudotime rates suggest that
during matrix conditioning, soft matrices support induction of
expression of adipogenic genes concomitantly with the suppres-
sion of osteogenic genes that are continuously expressed in non-
conditioned MSCs at low levels (41). On the soft matrix, cell
cycling (D3Cyc) occurred concomitantly with matrix conditioning
(Fig. 3A4). Single-cell transcriptomes that expressed high levels of
the cell cycling gene marker KI67 were temporally localized to
early pseudotime stages that preceded bifurcation and CEBPA
expression (SI Appendix, Fig. S4 A, i). However, on the stiff ma-
trix, D6Cyc paralleled D6StiffOS, indicating that cell cycling
propagated along matrix conditioning and early differentiation
stages (Fig. 3B). Consistently, cells expressing high KI67 propa-
gated toward the osteogenic branch and paralleled ATF4-
expressing cells (S Appendix, Fig. S4 A, ii). The association be-
tween cell cycling and preosteoblast differentiation was further
supported by immunostaining of early differentiating MSCs on
glass (Day 6) with antibodies targeting KI67 together with the
osteogenic and adipogenic differentiation markers ATF4 and
CEBPA (SI Appendix, Fig. S4 B, i). Cells that expressed high
nuclear K167 also expressed high nuclear ATF4 but not CEBPA.
Cells in which KI67 was not localized to the nucleus expressed low
ATF4 levels (SI Appendix, Fig. S4 B, i). Statistical analysis of a
large number of cells revealed a linear correlation of nuclear ATF
but not CEBPA with nuclear KI67 (SI Appendix, Fig. S4 B, ii).
Hence, both single-cell transcript-level and protein-level analyses
reveal an association between cell cycling and the differentiation
of MSCs into preosteoblastic progenitors in line with previous
reports (51, 52).

We next used the principle elastic tree algorithm to evaluate
the effective transcriptome date. The Y-shaped scaffold trees
are divided into a nonconditioned state and matrix-conditioned
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Subpopulations of single-cell transcriptomes are characterized by enrichment of day of culture, matrix elasticity, early differentiation, and cell cycling. Cell
numbers are specified in brackets. PS: polystyrene, NC: nonconditioned, MC: matrix conditioning, DI: differentiation induction, Adipo: adipogenic, ND:

nondifferentiated, Osteo: osteogenic.

branch, adipogenic (soft matrix) and nonosteogenic (stiff matrix)
branches, and nonadipogenic (soft matrix) and osteogenic (stiff
matrix) branches with support nodes defined (SI Appendix, Fig.
S5A). Pseudotime trajectories of ECM remodeling and cell ad-
hesion genes that were highly expressed in expanded cells on
polystyrene remained highly expressed during matrix condition-
ing on stiff matrices (Fig. 3 C, i and ii). Soft-matrix adipogenic
and nonadipogenic branches were characterized by upregulation
of adipogenic gene markers and endochondral ossification gene
markers, respectively (Fig. 3 C, i, Top, red and green). The ex-
pression trajectory of the master regulator of adipogenesis
CEBPA monotonically increased along the SoftAD branch and
was retarded along the StiffNO branch (SI Appendix, Fig. S5 B,
i). Suppression of CEBPA expression by stiffness cues further
attenuated expression of downstream adipogenic markers in-
cluding GOS2, LPL, and ADIPOQ. We detected upregulation of
endochondral ossification gene markers during matrix condi-
tioning of nonadipogenic cells on soft but not on stiff matrix (S/
Appendix, Fig. S5 B, ii). The stiff-matrix osteogenic branch was
characterized by upregulation of osteogenic gene markers (Fig.
3 C, ii, blue), which paralleled activation of SRF target genes that
mediate mechanical cues and direct cell differentiation (SI Ap-
pendix, Fig. S5C) (53, 54).

Identification of Matrix-Responsive Genes. Bifurcation of the dif-
fusion pseudotime maps highlights matrix-directed adipogenic
and osteogenic differentiation by fat- and osteoid-like elastici-
ties. Matrix-responsive genes would thus be characterized by the
divergence of their pseudotime expression trajectories between
SoftAD and StiffOS branches. To identify genes that were statis-
tically significantly responsive to matrix, we first discarded genes
with permutation test P values greater than 0.01. The remaining
genes were scored for matrix-responsiveness (MR) by the area
enclosed between SoftAD and StiffOS intensity profiles normal-
ized by mean intensities:
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MR() = 2. a0+ 50,0 [

Here, SA4,,(t) and SO,(¢) are the intensities of gene g; along the
SoftAD and StiffOS projections, respectively. The top-ranked
genes were enriched for those involved in ECM remodeling,
matrix adhesion, and actomyosin cytoskeletal organization
(Fig. 44). A list of the top 100 matrix-responsive genes is pro-
vided in Dataset S2.

Unlike housekeeping genes HSP90ABI and HMGBI1, which
showed no matrix-dependence (Fig. 4 B, i), genes that were
upregulated on stiff matrices both during matrix conditioning
and during early differentiation are enriched for actin-binding
cytoskeletal components that belong to the so-called cellular
contractome (55) and that are regulated by the SRF mechano-
transduction signaling pathway (56). This included CALDI and
MYL9, which encode proteins that regulate myosin head ATPase
activity, 7PM1 that regulates actin-myosin interactions, and
TAGLN, which encodes an actin cross-linker (Fig. 4 B, ii). THY1
is also upregulated on stiff matrices; the protein it encodes di-
rects osteogenesis (57, 58). COL3A1, which is a marker of en-
dochondral ossification, and VIM, which encodes a type-III
intermediate filament that is expressed in mesenchymal cells and
contributes to adipogenesis (59), are both upregulated on soft
matrices, (Fig. 4 B, iii).

TPM1 Mediates Matrix-Directed Cell Fate Decisions. The expression
of the top-scored matrix-responsive genes that encode proteins
involved in actin binding is more sensitive to matrix stiffness across
progenitor cells that have the capacity to differentiate toward fat
and bone (D6SoftAD and D6StiffOS, Fig. 4 C, Top) than in cells
that exhibit impaired matrix-directed differentiation even in
bipotential induction medium (D6SoftNA and D6StiffNO, Fig.
4 C, Bottom). TPM1, which was ranked 19, is of particular interest,
as it encodes a protein that regulates myosin contractility on soft
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matrices (60). To study the regulation of 7PM1 by matrix elasticity,
we performed quantitative immunofluorescence using an antibody
that recognizes TPM1 and -2 isoforms. TPM1 was upregulated
both at the RNA level (Fig. 4C) and at the protein level on stiff
matrices concomitantly with increased filamentous actin (F-actin)
polymerization (Fig. 5 A, i and ii). However, TPM1 expression was
more sensitive to matrix elasticity than F-actin polymerization
(Fig. 5 A, iii).

To study how TPM1 is involved in regulation of cell fate de-
cisions, we designed lentiviral constructs encoding Dendra2 (DDR)
conjugated to tropomyosin-1.7 isoform complementary DNA
(cDNA) sequence (TPM1.7) and a short hairpin RNA (shRNA)
complementary to TPM1 (shTPM1) under control of a puromycin
resistance selection sequence (SI Appendix, Fig. S64). We also
generated the respective DDR and nonhairpin shRNA control
constructs. The extent of TPM1 overexpression and knockdown
was fourfold at the RNA level (Fig. 5 B, i) and twofold at the
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protein level, as evaluated via quantitative immunofluorescence
(81 Appendix, Fig. S6 A, ii) and Western blotting (SI Appendix, Fig.
S6 B and C), relative to Control cells. To study the effects of
tropomyosin knockdown and overexpression downstream of ma-
trix elasticity, we cultured shTPM1, TPM1.7, and Control MSCs
for 3 d in basal medium and performed population-level RNA
sequencing. No adipogenic markers were activated at this stage
under these conditions across three biological replicates. How-
ever, osteogenesis was distinctively activated in TPM1.7 cells (Fig.
5 B, ii), and early endochondral ossification genes were upregu-
lated in shTPM1 cells (Fig. 5B, iii)). Notably, the activation of early
endochondral ossification genes in response to tropomyosin
knockdown is reminiscent of the effects of matrix softness on the
subpopulation of low—oxidative phosphorylation D3Soft cells (S/
Appendix, Fig. S3 A and B).

To elucidate the transcriptional heterogeneity in response to
tropomyosin knockdown and overexpression and the effects on
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cell fate decisions, we cultured TPM1.7, shTPM1, and Control
MSC:s for 3 d in basal medium and 3 d in bipotential medium and
performed single-cell RNA profiling. Unbiased k-means clustering
highlighted six subpopulations illustrated onto a dimensionally
reduced Uniform Manifold Approximation and Projection graph
(Fig. 5 C, i) (61). Most TPM1.7 cells cluster into one subpopu-
lation (Osteo) that is characterized by activation of osteogenic
gene markers (Fig. 5 C, ii). A subpopulation of cycling cells (Cell
Cyc), which is likely associated with proliferating preosteoblastic
progenitors similar to D6Cyc MSCs (51, 52), is shared between
TPM1.7 and Control MSCs. Counter to TPM1.7 and Control
MSCs, most shTPM1 cells are clustered into two subpopulations
(EndoChon-I and -II). Both subpopulations are characterized by
activation of early endochondral ossification genes (Fig. 5 C, ii).
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Importantly, no significant batch-driven contributions are ob-
served as transcriptomes of the two donors overlapped within the
specified clusters (SI Appendix, Fig. S2D). Despite the 3 d of
culture in bipotential induction medium, no adipogenic gene
markers were expressed, except for a minute contamination of
preadipocytes (18 out of 2,024 cells). Consistent with the bifur-
cation of early differentiating MSCs on stiff matrix between os-
teogenic and nonosteogenic fates (Fig. 3B), RNA velocity maps of
Control and TPM1.7 cells also exhibit a bifurcation between os-
teogenic and nonosteogenic fates (SI Appendix, Fig. S7 A and B)
(62). Counter to Control and TPM1.7 MSCs, osteogenesis was
suppressed in shTPM1 cells, thus eliminating a bifurcation dy-
namic (SI Appendix, Fig. S7C). Suppression of the osteogenic stem
cell factors facilitated adipogenic lineage commitment on Day 10.
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To assess tropomyosin effects on terminal differentiation of
MSCs toward fat and toward bone, we cultured TPM1.7,
shTPM1, and Control cells in basal medium for 3 d and in either
adipogenic or osteogenic induction medium for 7 and 14 d, re-
spectively. Adipogenesis and osteogenesis were assessed using
Nile-red and Alizarin-red staining. Strikingly, we found that
TPM1 knockdown increased adipogenesis 2.5-fold whereas
TPM1.7 overexpression had no effect (Fig. 5 D, i and #i). Simi-
larly, tropomyosin overexpression increased calcium deposition
twofold whereas tropomyosin knockdown had no effect (Fig. 5 E,
i and ii). The effects of tropomyosin on CEBPA and RUNX2
during MSC differentiation were further explored by culturing
TPM1.7, shTPM1.7, and control MSCs in basal medium for 3 d
and in bipotential induction medium for additional 2 wk. Adi-
pogenic and osteogenic differentiation were assessed by quanti-
fying the nuclear intensities of CEBPA (Fig. 5 F, i) and RUNX2
(Fig. 5 F, iii). Consistent with Nile-red and Alizarin-red signals,
nuclear CEBPA increases in shTPM1 cells (Fig. 5 F, ii), and
nuclear RUNX2 increases in TPM1.7 cells (Fig. 5 F, iv). Our
measurements thus demonstrate the potent role of TPM1 in
directing soft versus stiff tissue lineage commitment of MSCs in
adipogenic, osteogenic, and bipotential media.

Regulation of Tropomyosin-Directed MSC Differentiation. The
promoter-enhancer region of the TPM1 gene contains an MCAT-
binding element of TEAD 1 to 4 (transcription enhancer factors
for YAP/TAZ) (63) and a CArG box that is recognized by SRF
(Fig. 64) (64, 65). Single-cell analysis revealed a significant posi-
tive correlation between TPMI expression and the expression of
YAP1 and the SRF target genes (Fig. 6 B, i and ii)) (26, 66). These
data implicate TPM1 regulation by SRF and YAP1 downstream
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of matrix elasticity. F-actin stabilization was shown to activate
noncanonical YAP signaling toward osteogenic differentiation
(67). Hence, we tested whether TPM1 activates YAP1 signaling by
comparing nuclear localization of YAP1 in shTPM1 with cells
expressing a nonhairpin shRNA control (Fig. 6 C, i). Indeed, a
twofold knockdown of TPM1 led to a 30% delocalization of YAP1
from the nucleus (Fig. 6 C, ii) (26). Consistently, nuclear YAP1
protein levels correlated with TPM1 protein levels in non-
conditioned cells (Fig. 6D). To assess the effects of tropomyosin
on the transcriptional activation of YAP1, we performed a
population-level RNA sequencing of TPM1.7, shTPM1, and the
corresponding control cells after 3 d in culture in basal medium
(Fig. 6F). The expression of all YAP1 target genes was highest in
TPM1.7 cells and lowest for most of the target genes in shTPM1
cells. Moreover, YAP1 itself was downregulated in shTPM1 cells.
Our results are consistent with the effects of actin stress fiber
assembly on nuclear localization of YAP1 and downstream gene
regulation (26). To decouple the direct effects of tropomyosin and
of cellular contractility, we performed a brief 1 h treatment of
nonconditioned cells with blebbistatin, which is a pharmaceutical
drug that blocks myosin contractility, thus eliminating significant
changes in tropomyosin expression levels (Fig. 6 F, 7). Cell relax-
ation lowered the fraction of cells with high nuclear YAP1 (Fig.
6 F, ii). In addition, blebbistatin-treated cells retained the increase
in nuclear YAP1 with TPM1 levels similar to nontreated cells;
however, the shallower slope suggests disruption of tropomyosin
effects on YAP1 signaling due to cell relaxation (Fig. 6G).

Discussion

The heterogeneity of primary MSCs has a profound impact on
their clinical utility (7). It integrates multiscale contributions of
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Fig. 5. TPM1 mediates matrix-directed cell differentiation. (4, /) Immunofluorescence staining of matrix-conditioned MSCs (Day 3, male donor age 32) shows
upregulation of TPM expression on stiff matrices concomitantly with F-actin polymerization. (Scale bar: 50 pm.) (4, ii) Quantitative analysis of immunoflu-
orescence of tropomyosin (Left) and F-actin polymerization (Right) on stiff matrices. (4, jii) The distribution of single-cell ratios between tropomyosin ex-
pression and F-actin polymerization on soft and stiff matrix. (B) MSCs (male donor age 32 and female donor age 43) were transduced with constructs encoding
Dendra2-conjugated TPM1.7 (DDR-TPM1.7), DDR control (DDR), short hairpin targeting TPM1 (shTPM1), or nonhairpin control sequence (Control shRNA),
cultured for 3 d in basal medium, and profiled via population-level RNA sequencing. (i) Fourfold changes in TPM1 expression in transduced cells relative to
controls altered the transcription of (ii) osteogenic and (iii) early endochondral ossification gene markers. Error bars represent standard deviation (STD) across
three biological replicates. (C, i) Unsupervised clustering of single-cell transcriptomes of TPM1.7, shTPM1, and DDR Control MSCs (two female donors age 43
and 35) that were cultured for 3 d in basal medium and 3 d in bipotential medium is presented on a Uniform Manifold Approximation and Projection (UMAP)
field. (C, ii) Fraction of positive cells and average expression of adipogenic, early endochondral ossification, cell cycling, and osteogenic gene markers are
shown for the clustered subpopulations. (D, i) Nile-red staining of neutral lipids droplets formed in TPM1.7, shTPM1, and the corresponding controls after
culture of 3 d in basal medium and 7 d in adipogenic medium. (Scale bar: 50 um.) (D, ii) The percentage of cells that express lipid droplets stained with Nile-red
and exceeding half nucleus projected area is highest in shTPM1 cells. (£, i) Alizarin-red staining of calcification by TPM1.7, shTPM1, and the corresponding
controls after culture of 3 d in basal medium and 14 d in osteogenic medium. (E, ii) Alizarin-red absorbance demonstrates enhanced calcification by TPM1.7
cells. Error bars in D and E correspond to STD across three technical replicates. MSCs were derived from a male donor age 32. (F, i) CEBPA and (F, iii) RUNX2
immunostaining of TPM1.7, shTPM1, and the corresponding Control MSCs (female donor age 35) were performed after culture of 3 d in basal medium and
14 d in bipotential induction medium. (Scale bars: 20 pm.) Average nuclear intensities of (F, ii) CEBPA and (F, iv) RUNX2 are compared between tropomyosin-
overexpressing, knocked-down, and Control MSCs. Error bars correspond to STD across nuclei.
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the variation between donors, tissues of origin, clones, and single
cells [as reviewed previously (4)]. Donor’s health condition and
age are associated with a decline in MSC function, including self-
renewal and differentiation capacities (68-71). However, vari-
ability is also observed between MSCs that were derived from the
same tissue of origin of healthy donors of the same age (72).
Hence, in addition to specifying tissue of origin, donor age, gender,
and health condition, cellular indicators that characterize the
functional heterogeneity of MSCs are necessary in order to com-
pare between experiments and improve reproducibility. Here, we
employed single-cell RNA sequencing for studying the heteroge-
neity of cell states within a population of bone marrow—derived
MSCs during exposure to controlled mechanical signals and mo-
lecular factors that can induce soft versus stiff tissue lineage

specification. Single-cell transcriptional profiling was broadly used
for interrogating changes in cell states of multiple cell types during
development (73, 74), tissue regeneration (75), tumorigenesis
(76), immune response (77, 78), and cell differentiation (41).
From single-cell analysis of MSCs cultured using the well-
established matrix-directed conditioning and differentiation in-
duction media, we identified nine cellular subpopulations using
unsupervised clustering. MSC subpopulations are characterized by
distinctive properties that are related to cell mechanosensitivity
and differentiation capacity.

As expected, matrix softness supports adipocyte differentia-
tion, and matrix stiffness promotes direct osteoblast differentiation.
However, we also identified and characterized subpopulations of
cells that failed to undergo osteogenesis or to upregulate adipogenic
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markers on stiff matrix and subpopulations of cells that failed to
undergo adipogenesis or to upregulate osteogenic markers on soft
matrix. This heterogeneity reflects a continuous phenotypic spec-
trum of bone marrow—derived stromal cells that lie between mul-
tipotent mechanosensitive progenitors that differentiate in tune with
matrix cues, osteoblastic-committed cells that differentiate inde-
pendent of matrix cues but no adipocytic-committed cells, and cells
that lack the differentiation capacity to either lineage (SI Appendix,
Fig. S1). In addition, we identified a subpopulation of MSCs that
failed to undergo adipogenic differentiation in suitable induction
media even when cultured on soft matrices but instead upregulated
endochondral ossification genes (Figs. 2C and 5C and SI Appendix,
Fig. S3).

Dynamic mapping of the cell fate decision processes provides
means for screening matrix-responsive genes based on pseudo-
time trajectories. Of the average 3,800 expressed genes per cell,
one of the most strongly matrix-dependent genes was TPM]I,
which encodes 12 alternatively spliced isoforms that form coiled-
coil parallel dimers and copolymerize head-to-tail along actin
filaments, thus regulating the interactions with myosin motors
and actin-binding proteins (79), and permits high-frequency
myosin power stroke cycles on stiff matrices (60). TPM1 antag-
onizes the inhibitory effects of the actin-severing proteins Cofilin
and Gelsolin that negatively regulate YAP1 in mechanically re-
laxed cells (67) by inducing a nonfavorable conformational
change to F-actin (80, 81). Via these interactions, tropomyosin
decreases the mechanical flexibility of actin filaments (82, 83),
protects stress fiber integrity, and stiffens the cell cortex (84),
thus rendering mechanical strength under increasing load.

Mechanistically, 7PM1 can be transcriptionally regulated by
the SRF and by other pathways that mediate mechanical cues via
YAP1 as facilitated by the CArG box and MCAT-binding motifs,
which is consistent with previous reports (54, 85-87). Our results
indicate that upregulation of tropomyosin increases YAP1 nuclear
localization and activation of TEAD-target genes including TPM1
(87), which directs osteogenic differentiation (26, 28). Down-
regulation of TPM1 expression or inhibition of actomyosin con-
tractility similarly suppresses osteogenic differentiation. This
further indicates that tropomyosin effects are mediated via stabi-
lization of F-actin stress fibers (67). In this manner, the osteogenic
stem cell factors are not upregulated in tropomyosin-regulated
cells or in mechanically relaxed cells, thus alleviating the inhibition
of adipogenic gene regulators (41). Expression of the adipogenic
markers appears not to commence even in TPM1 knocked-down
cells after 3 d of culture in basal medium nor after 3 additional
d in bipotential medium. Instead, we detect the upregulation of
early endochondral genes. Indeed, chondrogenic genes were
upregulated in response to nuclear de-location of YAP1 after 3 d
of culture on soft matrices (4 kPa) (88), and chondrogenesis was
associated with YAP1 de-activation both in vitro and in vivo (89,
90). Adipogenic differentiation, which is interlinked with chon-
drogenic differentiation (91), is observed only after 1 wk of culture
both in bipotential and in adipogenic induction media.

Collectively, we elucidate transcriptional variation in primary
MSCs in which TPM-1 is identified as a matrix-responsive gene
that is upregulated by matrix stiffness in early differentiating cells.
However, cells that fail to differentiate in tune with matrix elas-
ticity under the same culture conditions fail to regulate TPM1 in a
matrix-dependent manner (Fig. 4C). In turn, TPM1 contributes to
the stabilization of actomyosin stress fibers and a contractile cell
state that direct cell differentiation via YAP1-mediated signaling
downstream of matrix stiffness.

Methods

Cell Harvesting and Culture. De-identified bone marrow aspirates were col-
lected from the iliac crest of healthy human donors for allogeneic trans-
plantation under written consent and the approval of the local institutional
Helsinki Committee (0626-15-HMO). Aspirates were passed through a nylon
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cell strainer, separated by a Ficoll-Hypaque density gradient (Lympho-
prepTM, Alere Technologies), and resuspended in low-glucose Dulbecco’s
Modified Eagle Medium (DMEM,; Biological Industries) supplemented with
1% L-glutamine (Biological Industries), 1% penicillin-streptomycin (Biologi-
cal Industries), and 10% fetal bovine serum (Biological Industries). Cells were
seeded into 75 cm? culture flasks (30 x 10° cells per flask) and cultured at
37 °C in a humidified atmosphere with 5% CO,. Cells were expanded and
passaged once before seeded on the elastic matrices (P1). Medium was
replaced twice weekly, and cell density was maintained <80 to 85% con-
fluence. The positive (CD73 and CD90) and negative (HLA-DR, CD56, CD3, and
CD45) surface marker repertoire was validated by fluorescence-activated cell
sorting (FACS) using targeting antibodies (eBioscience).

Adipogenic and Osteogenic Differentiation. Adipogenic and osteogenic dif-
ferentiation experiments and control conditions were performed as specified
in the main text starting with 5,000 nonconditioned cells/cm?. Adipogenic
induction was performed in low-glucose DMEM supplemented with 10 pg/mL™"
insulin, 500 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), 1 uM dextran
(Sigma-Aldrich), and 100 uM indomethacin (Sigma-Aldrich). Osteogenic in-
duction was performed in low-glucose DMEM supplemented with 50 pg mL™"
L-ascorbic acid 2-phosphate (Sigma-Aldrich), 10 mM glycerol 2-phosphate
(Sigma-Aldrich), and 10 nM dexamethasone (Sigma-Aldrich). Bipotential in-
duction medium was prepared by mixing adipogenic and osteogenic induction
media at equal volumes as reported (35, 36).

Hydrogels with Controlled Elasticity. Cells were cultured on thin polyacryl-
amide hydrogel films of 2 kPa (soft) and 25 kPa (stiff) elasticities covalently
coated with rat tail type | collagen and attached to the bottom of 15 cm
culture plates, 12-well plates, and 35 mm glass coverslips (Petrisoft, Matrigen).

Western Blot. Cells were harvested from 75 cm? flasks using Trypsin, centri-
fuged at 300 G for 5 min to remove supernatant, washed in phosphate-
buffered saline (PBS), and resuspended in ice-cold Nonidet P-40 lysis buffer:
150 mM NaCl, 1% Nonidet P-40, and 50 mM Tris HCl pH8.0 containing pro-
tease inhibitor mixture (APExBIO). Whole-cell lysates were then centrifuged
for 20 min at 15,000 G, and the supernatant was transferred to a new tube.
The total protein concentrations of the whole-cell lysates were quantified by
Bradford Assay (Sigma-Aldrich) and combined with 2x loading buffer: 4%
sodium dodecyl sulfate (SDS), 10% 2-mercaptoethanol, 20% glycerol, and
0.125 M Tris-HCl. To denature the samples, lysates were heated to 100 °C for
5 min. Protein separation was performed by sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) electrophoresis. A total of 10 pg total protein
of each sample was loaded onto a 4 to 20% Gebagel (Geba) and transferred
onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). After the transfer
was complete, the membrane was washed in PBS and blocked at 4 °C over-
night in a blocking buffer (Sigma-Aldrich). Immunofluorescent staining was
performed by probing with primary antibodies anti-TPM1/2 antibody (TM311,
Sigma-Aldrich) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (Abcam) overnight at 4 °C. After rinsing the membrane twice in PBS
for 15 min, the membrane was stained using secondary antibodies donkey
anti-rabbit (Alexa Fluor 647; Abcam) and goat anti-mouse (Alexa Fluor 647;
Abcam). Fluorescent images were visualized using a Typhoon phosphorimager
(GE Healthcare). Protein-level quantification was done by ImageJ by calculat-
ing the average intensity of TPM1 bands after performing background sub-
traction. GAPDH intensity was used as used a loading control to normalize
TPM1 levels.

Immunofluorescence Sample Preparation and Imaging. Cell samples were
washed with PBS, fixed in 4% paraformaldehyde, blocked in 2% bovine
serum albumin (BSA), permeabilized with 0.5% (vol/vol) Triton X-100 in PBS
for 20 min, immersed in 2% BSA for 1 h, and rinsed in PBS. Staining using the
primary antibodies targeting ATF4 and RUNX2 (Abcam), CEBPA (Santa Cruz),
TPM1/2 (TM311, Sigma-Aldrich), and YAP1 (Proteintech), and the secondary
antibodies donkey anti-mouse (Alexa Fluor 488; 1:100; Abcam), donkey anti-
rabbit (Alexa Fluor 594), donkey anti-mouse (Alexa Fluor 647; 1:100; Abcam),
and donkey anti-rabbit (Alexa Fluor 647; 1:100; Abcam) was performed
according to manufacturer's protocols. Samples were stained with 1 pg/mL™"
4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), dissolved in PBS, and
immersed for 20 min and in 165 nM Phalloidin-iFluor 555 dissolved in PBS
and immersed for 30 min. Lipid droplet staining was performed by im-
mersing cells in 0.1 pg/mL‘1 Nile-red (Sigma) dissolved in distilled water (DW)
and immersed for 5 min. Immunofluorescence imaging was performed using
a NIKON Ti-E inverted microscope equipped with an sCMOS iXon3 camera
(Anodr) and a Spectra X light engine light source (Lumencor). A CFl Apo TIRF
60x Oil (Nikon) and a CFI Plan Apo VC 20x (Nikon) objective were used. Cell
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and nucleus projected areas were segmented and quantified using a custom-
designed MATLAB code.

Cell Culture Quantification of Adipogenesis and Ost Adipogenesis
was quantified based on Nile-red and DAPI staining of fixed cells. The frac-
tion of cells with Nile-red-stained neutral lipid area >50% of nucleus projected
area (DAPI-stained) and with five distinct spherical shaped droplets or more
was evaluated out of the total number of cells. Osteogenesis was quantified
based on calcium deposition as evaluated via absorbance measurements (410
nm) of Alizarin-red-stained calcium deposits. Specifically, Alizarin-red was
dissolved in double-distilled water (2% wt/vol) and HCl pH 4.2 adjusted. Fixed
samples were rinsed in PBS, immersed in Alizarin-red solution for 15 min at
room temperature, and rinsed twice with double-distilled water. Alizarin-red
S-calcium complexes were extracted by immersion in 0.5 N HCI/5% SDS (wt/vol)
extraction solution. The concentration of the extracted stain was quantified by
measuring the absorbance at 410 nm (SmartSpec 3000 spectrophotometer,
Bio-Rad) and normalized by the number of cells in each sample as measured
via Hoechst 33342 (Thermo Fisher Scientific) staining.

TPM1 Knockdown and Overexpression. Knockdown of TPM1 was performed
using the pLKO.1 plasmid lentiviral backbone (a kind gift from Bob Wein-
berg, Addgene plasmid #8453) either encoding an shRNA with sequence
complementary to TPM1 (shTPM1: 5'-CGGAGAGGTCAGTAACTAAAT-3') or a
control nonhairpin insert (5-CCGCAGGTATGCACGCGT-3'). Selection of express-
ing cells was performed in the presence of 1 mg/mL™" puromycin (Sigma-Aldrich)
for 2 wk following viral infection and confirmed using mCherry fluorescence
signal. TPM1.7 overexpression was performed by generating a human MSC-
derived cDNA library. The TPM1.7 sequence was amplified using dedicated
primers, a sequence encoding a C-terminal DDR sequence was conjugated, and
the fragment was cloned into a lenti-EFla pEIGW expression vector. Control
overexpression vector did not contain the TPM1.7 sequence.

Lentiviral particles were generated using human embryonic kidney (HEK)
293T cells. HEK cells were seeded in 55 cm? plates at 50% confluence.
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