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A B S T R A C T   

The biophysical factors of biomaterials such as their stiffness regulate stem cell differentiation. Energy meta-
bolism has been revealed an essential role in stem cell lineage commitment. However, whether and how 
extracellular matrix (ECM) stiffness regulates energy metabolism to determine stem cell differentiation is less 
known. Here, the study reveals that stiff ECM promotes glycolysis, oxidative phosphorylation, and enhances 
antioxidant defense system during osteogenic differentiation in MSCs. Stiff ECM increases mitochondrial fusion 
by enhancing mitofusin 1 and 2 expression and inhibiting the dynamin-related protein 1 activity, which con-
tributes to osteogenesis. Yes-associated protein (YAP) impacts glycolysis, glutamine metabolism, mitochondrial 
dynamics, and mitochondrial biosynthesis to regulate stiffness-mediated osteogenic differentiation. Furthermore, 
glycolysis in turn regulates YAP activity through the cytoskeletal tension-mediated deformation of nuclei. 
Overall, our findings suggest that YAP is an important mechanotransducer to integrate ECM mechanical cues and 
energy metabolic signaling to affect the fate of MSCs. This offers valuable guidance to improve the scaffold 
design for bone tissue engineering constructs.   

1. Introduction 

The properties of the physiological environment can be simulated by 
biomaterials to modulate cell behaviors. Microenvironments trigger 
biochemical signaling through mechanotransduction, which allows cells 
to sense, respond, and adapt to their physical surroundings. Mesen-
chymal stem cells (MSCs) have been widely used in studies of tissue 
regeneration and stem cell therapy [1]. Their homeostatic maintenance, 
self-renewal, and cell fate decisions have been known to be regulated by 
the stem cell microenvironment, namely the stem cell niche. Extracel-
lular matrix (ECM) stiffness is one of the critical factors regulating the 
fate of stem cells [2]. Cells can detect and react to ECM stiffness by 
adhesive ligands [3]. It has been reported that stiff ECM promotes 
osteogenesis, while soft ECM induces adipogenesis of MSCs [4]. 
Furthermore, ECM stiffening increases cell spreading and actomyosin 
contractility and enhances the expression of RUNX2, Smad, β-catenin, 
Yes-associated protein (YAP) [5], and TRPV4 [6] to promote osteogenic 

differentiation [7]. New insights into the mechanism of substrate 
stiffness-mediated differentiation can contribute to guiding MSC fate in 
therapeutically desirable directions. 

The ability of the metabolism to guide the fate of stem cells has 
received significant attention in the last decade [8]. It has demonstrated 
that cell metabolism not only contributes to energy production but also 
plays critical roles in stem cell proliferation and lineage commitment [9, 
10]. It has been shown that embryonic stem cells transfer anaerobic 
glycolysis into the mitochondrial oxidative metabolism to meet the en-
ergy requirement of cardiac differentiation [11]. During the differenti-
ation of pluripotent stem cells (PSCs), mitochondrial fusion proteins, 
MFN1 and 2, and optic atrophy 1 are increased to activate oxidative 
metabolism [12]. It has been reported that biomaterials can be designed 
to regulate cellular metabolism to promote tissue regeneration, which is 
through the delivery of metabolic factors such as citrate and glutamine 
[13,14]. Whereas how biomaterial properties affect energy metabolism 
to regulate cell fate remains elusive. 
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Notably, recent studies have indicated the linkage of metabolic re-
sponses to ECM stiffness. Soft ECM increases DRP1- and MIEF1/2- 
dependent mitochondrial fission to produce more reactive oxygen spe-
cies (ROS) in breast cancer cells [15]. ECM stiffness-induced disas-
sembly of stress fiber triggers high glycolytic rates, which enable cells to 
adapt to the mechanical properties of the tissue microenvironment [16]. 
These studies suggest that biomaterial stiffness-mediated energy meta-
bolism is essential to regulate cell behavior and fate. YAP is a 
well-known mechanotransducer that is activated by mechanical cues 
and ECM stiffness [17]. YAP regulates a variety of biological behaviors, 
including stem cell growth and differentiation [18]. ECM stiffening can 
promote the proliferation of endothelial cells through 
YAP/TAZ-dependent glutaminolysis and anaplerosis in pulmonary hy-
pertension [19]. Moreover, cell migration of hepatocellular carcinoma 
cells can be accelerated by a stiffer ECM, which involves YAP-mediated 
aerobic glycolysis [20]. Nevertheless, little is known about the interplay 
of YAP and metabolism in ECM stiffness-induced osteogenesis. 

Here, our results show that stiff ECM could promote the osteogenic 
differentiation of MSCs by regulating metabolic processes such as 
glycolysis, OXPHOS, mitochondrial dynamics, and glutaminolysis. 
Moreover, metabolism processes can also regulate cellular mechanics. 
Glycolysis is involved in F-actin polymerization, myosin contractility, 
and paxillin formation. YAP provides a mechanistic link between 
mechanotransduction, metabolism, and osteogenic differentiation. 
Taken together, our work highlights that the engineered ECM properties 
can regulate YAP-mediated energy metabolism to enhance the osteo-
genesis of MSCs, which inspires innovations in biomaterials for 
improved bone regeneration. 

2. Results 

2.1. ECM stiffness regulates osteogenic differentiation and ATP 
production in MSCs 

MSCs were seeded on soft (4.47 kPa) and stiff (40 kPa) ECM with 
normal growth medium for 1–7 days. The osteogenic differentiation of 
MSCs was promoted on a stiff ECM, with an increase of osteogenic 
marker RUNX2 expression and alkaline phosphatase (ALP) after 5 and 7 
days (Fig. 1A and B), consistent with previous studies [5,21]. To 
examine the changes in bioenergetics, we measured ATP production on 
days 1 and 7. More ATP (two-fold higher) was generated in cells cultured 
on a stiff ECM compared with on a soft ECM (Fig. 1C). Bioenergetic 
profiling was performed by Seahorse analyses. The basal oxygen con-
sumption rate (OCR), maximal OCR, and ATP-dependent OCR of cells on 
a stiff ECM were higher than those cultured on a soft ECM on days 1 and 
7 (Fig. 1 D–G). Moreover, spare capacity OCR and proton leak OCR were 
both increased on day 7 on the stiff ECM (Fig. 1H and I). Likewise, the 
basal extracellular acidification rate (ECAR) was increased on the stiff 
ECM (Fig. 1J and K), indicating that stiff ECM promote the OXPHOS and 
glycolysis of MSCs. The mitochondrial membrane potential (ΔΨm) on 
the stiff ECM increased after 7 days (Fig. 1L). In addition, the ROS level 
on the stiff ECM was lower than that on the soft ECM (Fig. 1M), which 
was consistent with the increase in the gene expression of superoxide 
dismutase 2 (SOD2) and catalase (CAT) on the stiff ECM (Fig. 1N). These 
results indicate that ECM stiffness, in the absence of a 
mineralization-inducing medium, regulates osteogenic differentiation, 
which was accompanied by increased energy production and oxidative 
stress resistance in MSCs. 

2.2. ECM stiffness regulates metabolic modulation in MSCs 

To determine the contribution of glucose, glutamine, and fatty acids 
to ATP production, their utilization was individually inhibited by 2-DG, 
BPTES, and etomoxir, respectively, and then ATP production was 
measured after 1 day. The inhibitor 2-DG was decreased, whereas BPTES 
and etomoxir barely affected ATP production (Fig. 2A), indicating that 

the primary energy source is glucose for MSCs cultured on a stiff ECM. 
These three inhibitors all suppressed ALP expression on the stiff ECM on 
day 7 (Fig. 2B), suggesting that glucose, glutamine, and fatty acids are 
vital for the stiffness-induced osteogenic differentiation of MSCs. 

We calculated theoretical ATP production from OXPHOS or glycol-
ysis was increased on the stiff ECM [22]. The ATP produced from 
OXPHOS or glycolysis was increased with ~32% and ~57% increases on 
the stiff ECM on day 7 compared to day 1 (Fig. 2C and E). Moreover, the 
ATP produced from glycolysis was greater than 80% of the total amount 
produced (Fig. 2D and E). To further verify the specific 
energy-production pathways of ATP production, lactate dehydrogenase, 
mitochondrial pyruvate carrier, and mitochondrial ATP synthase were 
inhibited by oxamate, UK-5099, and oligomycin, respectively. Oxamate 
reduced the intracellular ATP levels by approximately 50%, whereas 
ATP levels were slightly decreased by UK-5099 and oligomycin (Fig. 2F). 
These data demonstrate that glycolysis is the main pathway for energy 
generation in MSCs cultured on a stiff ECM. 

Furthermore, the genes related to glycolysis, such as glucose trans-
porter 1 (SLC2A1), lactate dehydrogenase A (LDHA), pyruvate kinase 
M2 (PKM2), and phosphofructokinase (PFKM) were upregulated on the 
stiff ECM on day 1 (Fig. 2G). Interestingly, only hexokinase 2 (HK2) was 
upregulated in genes associated with glycolysis on a stiff ECM on day 7 
(Fig. 2H), which was consistent with the increase of HK2 from RNA 
sequencing (RNA-seq) analysis (Fig. S3 A). RNA-seq analysis showed 
that there were no significant changes in genes of the TCA cycle and the 
mitochondrial electron transport chain (ETC) complexes on the stiff 
ECM compared to the soft ECM on day 7 (Fig. S3 B–G). Additionally, the 
protein expression of glycolytic enzymes LDHA and HK2 were also 
upregulated on the stiff ECM on day 1 and day 7, respectively (Fig. 2I). 
The measurement of ECAR indicated that the glycolytic rates were 
dramatically increased on the stiff ECM compared to the soft ECM on 
days 1 and 7 (Fig. 2J and K). These findings support the increased 
glycolysis associated with the osteogenic differentiation of MSCs on a 
stiff ECM. 

2.3. ECM stiffness regulates mitochondrial dynamics and biogenesis in 
MSCs 

The differentiation of stem cells is an energy-demanding process. 
Mitochondria are the main energy powerhouse in cells. The metabolites 
of glycolysis enter mitochondria to fuel the TCA cycle and OXPHOS 
[23]. The super-resolution imaging and confocal results of mitochondria 
indicated that the mitochondrial length and footprint increased in a 
stiffness-dependent manner from 1 to 40 kPa (Fig. 3 A–C, Fig. S4A). This 
observation was also confirmed through unbiased machine learning 
algorithms in which cells displayed filamentous mitochondria on a stiff 
ECM (Fig. 3D). However, ECM stiffness greater than 80 kPa could not 
regulate mitochondrial length and footprint (Fig. S4A). Furthermore, 
the mitochondrial probability map (MPM) shifted to the left and the 
mito95 value decreased on the soft ECM (Fig. 3E and F), which suggested 
there were fewer perinuclear mitochondria on the stiff than on the soft 
ECM. The transmission electron microscopy results showed elongated 
mitochondria with well-developed cristae, and the mitochondrial size 
was increased on the stiff ECM, as confirmed on days 1 and 7 (Fig. 3 G–I). 
The mitochondrial area per region-of-interest (ROI) was increased on 
the stiff ECM (Fig. 3J). The RNA-seq results indicated that a mitochon-
drial biosynthesis-related gene, mitochondrial transcription factor A 
(TFAM), was upregulated on the stiff ECM (Fig. S4B). The mitochondrial 
DNA (mtDNA) copy number on the stiff ECM was also elevated (Fig. 3K). 
These data revealed that mitochondria appeared more elongated and 
fused on the stiff ECM in MSCs, which was accompanied by increased 
mitochondrial biogenesis. 

To visualize mitochondrial dynamics, MSCs were transfected with 
mito-EGFP. The results of time-lapse imaging demonstrated that fission/ 
fusion and motility were promoted by the stiff ECM in MSCs (Fig. 3 L–N, 
Movie S1). MFN1, MFN2, and DRP1 are key regulators of mitochondrial 
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dynamics and their expression was barely affected by stiffness on day 1 
(Fig. S5A), but increased on the stiff ECM on day 7 (Fig. 3O). To 
investigate their roles in stiffness-mediated osteogenic differentiation, 
MFN1 or 2 was successfully inhibited to reduce the mitochondrial fusion 
in MSCs (Fig. 4 A, Figs. S5B and C). The ALP expression was decreased 
by siMFN1 or 2, especially siMFN2 at day 7 (Fig. 4B). The knockdown of 
MFN2 also eliminated the variations that the ECM stiffness caused in 

terms of ΔΨm, ATP, and ROS levels (Fig. 4C–E), indicating that MFN2 is 
vital to energy synthesis and anti-oxidative capability, which promotes 
the osteogenic differentiation of MSCs. Next, we detected the fission 
factor DRP1 puncta, the active form of DRP1 [24]. Notably, the number 
of DRP1 puncta was decreased on the stiff ECM (Fig. 4F), which was 
consistent with the results on the elongated and fused mitochondria. The 
inhibition of DRP1 by Mdivi-1 enhanced ALP expression of MSCs 

Fig. 1. ECM stiffness promotes osteogenic differentiation of MSCs with increased ATP production. (A) RUNX2 gene expression of MSCs on soft and stiff ECM for 1–7 
days (n = 4 for each group). (B) Left, representative images of ALP staining in MSCs for 1–7 days, scale bars, 200 μm. Right, quantification of ALP intensity (left to 
right, n = 12, 12, 10, 14, 19, 15, 14, 13). (C) Normalized ATP levels of MSCs on days 1 and 7 (n = 3 for each group). (D) Oxygen consumption rate (OCR) was 
determined by Seahorse in MSCs on days 1 and 7 (n = 4 for each group). (E–I) Quantification of individual parameters for basal OCR (E), maximal OCR (F), ATP 
dependent respiration (G), spare OCR (H), and H+ leak-linked OCR (I). (J and K) Extracellular acidification rate (ECAR) of MSCs (J) and quantification of basal ECAR 
(K, n = 4 for each group). (L) Mitochondrial membrane potential (ΔΨm) of MSCs on soft and stiff ECM on days 1 and 7. Left, representative images of JC-1 staining in 
MSCs, scale bars, 10 μm. Right, the ratio of J-aggregates to monomers (n = 30 for each group). (M) Levels of ROS in MSCs. Left, representative images, scale bars, 25 
μm. Right, quantification of intensity (left to right, n = 30, 30, 36, 30). (N) The gene expression levels of SOD2 (n = 5 for each group) and CAT (n = 5 for each group) 
in MSCs. Data from at least three independent experiments. All graphs showed mean ± s.d. Statistical significance was derived from unpaired two-tailed Student’s t- 
test, except for ROS intensity d 1 in M (Mann-Whitney test). 

Fig. 2. ECM stiffness enhanced metabolic activities in MSCs. (A) Intracellular ATP levels of MSCs on soft and stiff ECM on day 1 (n = 4 for each group). Cells were 
treated with inhibitors of glucose (100 mM 2-DG), glutamine (20 μM BPTES), and fatty acids (200 μM etomoxir). (B) Left, representative images of ALP staining in 
MSCs treated with the inhibitors after 7 days, scale bars, 200 μm. Right, quantification of ALP intensity (left to right, n = 13, 15, 14, 15, 15, 13, 24, 19). (C–E) 
Theoretical ATP production from OXPHOS, glycolysis, and total ATP by Seahorse analysis in MSCs on soft and stiff ECM on days 1 and 7 (n = 4 for each group). (F) 
Intracellular ATP levels of MSCs on day 1 (n = 4 for each group). Cells were treated with the inhibitors of lactate dehydrogenase (100 mM Oxamate), mitochondrial 
pyruvate carrier (100 mM UK-5099), and ATP synthase (2 mM Oligomycin, Oligo). (G and H) Metabolic gene expression analysis of MSCs on days 1 (G, n = 5 for 
SLC2A1, 7 for LDHA, 4 for PKM2, 7 for HK2, 7 for PFKM, 4 for SDHB, 8 for ATP5MC1, 9 for ATP5F1B) and 7 (H, n = 4 for SLC2A1, 6 for LDHA, 7 for PKM2, 6 for HK2, 
4 for PFKM, 6 for SDHB, 6 for ATP5MC1, 6 for ATP5F1B). (I) Left, immunoblots for the protein expression of glycolytic enzymes in MSCs on days 1 and 7. Right, 
quantification of LDHA and HK2 protein expression (n = 6 for each group). (J and K) Extracellular acidification rate (ECAR) was determined by Seahorse in MSCs on 
days 1 and 7 (J) and quantification of glycolytic rates (K, n = 7 for each group). Data from at least three independent experiments. All graphs showed mean ± s.d. 
Statistical significance was derived from unpaired two-tailed Student’s t-test (A–I) or Mann-Whitney test (K). 
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cultured on the stiff ECM (Fig. 4G). Collectively, our data indicate that 
stiff ECM promoted mitochondrial fusion, which was mediated by 
increasing MFN1 and MFN2 expression and inhibiting DRP1 activity and 
both contributed to the osteogenic differentiation of MSCs. 

2.4. YAP involves in stiffness regulates metabolism in MSCs 

Our study and previous studies have indicated that stiff ECM can 
enhance cytoskeletal tension and focal adhesion (FA) formation, as well 
as upregulate YAP (Fig. 5A, Fig. S6 A–L) [21,25,26]. In addition, stiff 
ECM increased YAP activation by inducing actin polymerization and 
actomyosin contractility (Figs. S6L and M). We first validated successful 
YAP inhibition using immunofluorescence (Fig. S7A). The knockdown of 
YAP suppressed stiff-induced osteogenic differentiation (Fig. 5B), 
consistently with previous studies [5,27]. We further investigated their 
role in the stiffness-mediated regulation of MSCs metabolism. The 
knockdown of YAP inhibited ATP production, decreased ΔΨm, elevated 
ROS production, and suppressed SOD2 and CAT gene expression in MSCs 
cultures on a stiff ECM (Fig. 5 C–F). Furthermore, the inhibition of YAP 
reduced SLC2A1, LDHA, and HK2 gene expression on the stiff ECM 
(Fig. 5G and H). Our data indicate that stiff ECM enhance energetics 
through YAP and show that YAP is instrumental to the regulation of ATP 
production, glycolysis, and the antioxidant capacity of MSCs cultured on 
a stiff ECM. 

To investigate the role of YAP in the regulation of the mitochondrial 
network by ECM stiffness, we knocked down YAP to examine mito-
chondrial morphology and dynamics. Mitochondrial fusion was inhibi-
ted with decreased length and footprint after silencing YAP in MSCs 
cultured on a stiff ECM (Fig. 5 I–K, Fig. S7B). Thus, there was a decrease 
in filamentous mitochondria and an increase in intermediate mito-
chondria (Fig. 5L, Fig. S7C). Moreover, the mtDNA content was sup-
pressed by the knockdown of YAP in MSCs cultured on a stiff ECM 
(Fig. 5M), indicating that YAP was involved in stiffness-induced mito-
chondrial dynamics and biogenesis. However, siYAP did not change the 
expression levels of MFN1, MFN2, and DRP1 (Fig. S7D); instead, it 
increased the number of DRP1 puncta (Fig. 5N), demonstrating that YAP 
enhances mitochondrial fusion via the inhibition of DRP1 activity on a 
stiff ECM. 

2.5. YAP-mediated ECM stiffness affects glutamine metabolism of 
osteogenesis 

Emerging evidences suggest that although glutamine did not provide 
as much energy as glucose, it is vital to bone formation and homeostasis 
[28]. Our data showed that ECM stiffness-induced osteogenic differen-
tiation was reduced by the inhibition of glutamine metabolism (Fig. 2B). 
Glutamine consumption and glutaminase (GLS) activity were increased 
in MSCs cultured on a stiff ECM on days 1 and 7 (Fig. 6A and B). 
Furthermore, the gene expression of SLC1A5 (a glutamine transporter) 
and GLS was upregulated by the stiff ECM (Fig. 6C). Moreover, we 
evaluated whether ECM stiffness-induced glutamine metabolism was 
also regulated by YAP. The knockdown of YAP inhibited glutamine 
uptake and GLS activity (Fig. 6D and E), and the gene expression levels 

of SLC1A5 and GLS were decreased in MSCs cultured on the stiff ECM 
(Fig. 6F and G). However, the YAP nuclear localization and the 
expression of YAP targets were not affected by the inhibition of gluta-
mine consumption on the stiff ECM (Fig. 6 H–J). These data indicate that 
stiff ECM could regulate glutamine metabolism to contribute to osteo-
genesis, and YAP is indispensable for this process. 

2.6. Glycolysis regulates cell mechanics to affect YAP activity 

As our data showed that YAP regulates ECM stiffness-induced 
metabolism, especially glycolysis, we wondered whether ECM 
stiffness-induced metabolism could regulate YAP. The YAP nuclear 
localization, expression, and target genes were substantially decreased 
by the inhibition of glycolysis by 2-DG (Fig. 7 A–C, Figs. S8A and B). 
However, YAP activity was not affected by the inhibition of OXPHOS 
with oligomycin (Fig. 7 A–C). Moreover, disruption of MFN1 or MFN2 
did not regulate the nuclear localization of YAP, whereas reduced the 
gene expression of YAP targets (Fig. S9 A–C). 

To further investigate the underlying mechanism, we examined the 
effect of glycolysis on the Hippo pathway, as well as F-actin and myosin 
dynamics. Treatment with 2-DG depressed YAP expression but did not 
affect the phosphorylation of YAP or LATS (Fig. S8 A–D). Furthermore, 
2-DG decreased F-actin intensity and increased G/F-actin levels in MSCs 
cultured on the stiff ECM (Fig. 7 D–F). Similarly, myosin II and the 
number and length of FA were suppressed by 2-DG (Fig. 7G and H, 
Fig. S10). As YAP nuclear translocation was related to nuclear flattening 
[29], the results indicated that 2-DG inhibited actin cap numbers 
(Fig. 7I), which increased the nuclear height of MSCs cultured on the 
stiff ECM (Fig. 7J), explaining why YAP was transported into nuclei. 
Overall, glycolysis is coupled to cell mechanics, which in turn regulates 
YAP localization and activity. 

3. Discussion 

Mechanical cues generated by the ECM can regulate stem cell fate 
and behavior. Emerging evidence has indicated that metabolism is vital 
to stem cell fate decision [10,30,31]. However, it is unclear how me-
chanical cues produced by the ECM are integrated with metabolic re-
sponses in stem cells. Our findings demonstrate that ATP production was 
increased, and the function of the antioxidant defense system was 
enhanced to decrease the effects of ROS accumulation on stiff ECM. It 
has been reported that undifferentiated PSCs rely more on glycolysis 
than OXPHOS for energy production, and switch to oxidative meta-
bolism during differentiation [12,32]. However, our results show that 
both glycolysis and OXPHOS were enhanced during the osteogenic dif-
ferentiation of MSCs on a stiff ECM. The contribution of glycolysis to 
ATP production was more than 80% which is consistent with a previous 
study [33]. Nevertheless, there is no agreement among researchers on 
the metabolic switch during osteogenesis. During the osteogenic dif-
ferentiation of MSCs in a mineralization-inducing medium, OXPHOS 
was activated, while glycolysis remained unchanged [34] or decreased 
[35]. A recent study showed that glycolysis continuously increases 
during the osteogenesis of osteoblast, while OXPHOS increases first and 

Fig. 3. ECM stiffness regulates mitochondrial dynamics and biogenesis. (A–C) Mitochondrial morphology in MSCs on soft and stiff ECM on days 1 and 7. Repre-
sentative STED images (top) and high magnification of white boxed regions (bottom) were shown (A), scale bars, 20 μm and 4 μm. Mitochondrial length (B, n = 30 for 
each group) and mitochondrial footprint (C, n = 30 for each group) were analyzed. (D) Left, representative images of classification of mitochondrial morphology, 
scale bars, 20 μm. Right, quantification of punctate, intermediate, and filamentous mitochondria (n = 10 for each group). (E) Mitochondrial probability map (MPM) 
was plotted for the accumulation of mitochondria in MSCs (n = 10 for each group). (F) Mito95 values (95th percentile) were calculated (left to right, n = 12, 10, 11, 
12). (G–J) Transmission electron micrographs of mitochondria. Representative images of mitochondria (G), scale bars, 500 nm. The average mitochondrial length (H, 
left to right, n = 74, 74, 79, 83), relative mitochondrial size (I, left to right, n = 120, 116, 79, 88), and relative mitochondrial area per ROI (J, left to right, n = 11, 14, 
10, 13) were quantified. (K) The mtDNA copy number was detected by qPCR (n = 4 for each group). (L) Time-lapse frames of mitochondrial fission and fusion. Red 
arrow, fission event; yellow arrow, fusion event, scale bars, 15 μm. (M) Quantification of fission and fusion events per minute per cell and (N) mitochondrial velocity 
(n = 30 for each group). (O) Left, immunoblots for mitochondrial fission and fusion protein expression in MSCs on day 7. Right, quantification of MFN1, MFN2 and 
DRP1 protein expression (n = 8 for MFN1, 7 for MFN2, 11 for DRP1). Data from at least three independent experiments. All graphs showed mean ± s.d. Statistical 
significance was derived from Mann-Whitney test (B,C,F,H,I) or unpaired two-tailed Student’s t-test (J,K,M− O). 
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then decreases [36]. Our study reveals a mode of ECM stiffness-induced 
metabolism switch during osteogenic differentiation in MSCs. Addi-
tionally, rate-limiting enzymes are involved in stiffness-induced 
glycolysis in a duration-dependent manner. Glycolytic enzymes, such 
as PFKM and PKM2 were upregulated rapidly on the first day of ECM 
stiffness-induced osteogenic differentiation, while the expression level 
of HK2 increased after 7 days of culture, thereby contributing to 
glycolysis. 

Mitochondria are not only cellular energy hubs, they are also central 
regulators of stem cell fate decisions [37]. However, it needs to be 
further elucidated on how mitochondrial dynamics regulate stem cell 
differentiation, not to mention their role in ECM stiffness-induced dif-
ferentiation. Our results indicate that stiff ECM promotes mitochondrial 
fusion by increasing MFN1 and MFN2 expression and inhibiting DRP1 
activity. MFN1, especially MFN2 and DRP1 are involved in 
stiffness-regulated the osteogenic differentiation of MSCs. Mitochon-
drial fusion provides sufficient energy, maintains membrane potential, 
and mitigates oxidative damage [38], which are critical for the osteo-
genic differentiation of MSCs [39]. Mineralization-inducing medium 
increased mitochondrial fusion during MSC osteogenesis, which was 
correlated with increased MFN2 expression, except that the expression 
levels of MFN1 and DRP1 did not change [40]. Therefore, our results 
represent that in the absence of a mineralization-inducing medium, 
MSCs could respond to changes in ECM stiffness to regulate metabolic 
processes and mitochondrial dynamics to promote osteogenic 
differentiation. 

We explored the underlying mechanism of ECM stiffness in the 
regulation of metabolism in the osteogenic differentiation of MSCs. YAP 
is a mechanotransducer, and regulator of cellular energy status [41]. 
Previous studies have demonstrated that the loss of YAP impairs 
glycolysis in renal cell carcinoma cells [42] or breast cancer cells [43]. 
Nevertheless, the roles of YAP in the regulation of mechanical cues and 
metabolism remain largely unexplored. Our findings show that YAP 
could regulate the expression levels of SLC2A1, LDHA, and HK2 in cells 
cultured on a stiff ECM to mediate glycolysis. YAP also played a role to 
regulate DRP1 activity and mitochondrial biosynthesis on a stiff ECM. A 
recent study has reported that YAP enhances phosphocreatine produc-
tion by increasing the expression of cytoplasmic creatine kinase in 
pancreatic cancer cells cultured on a stiff ECM [44]. Thus, our results 
shed light on the role of YAP in ECM stiffness-induced metabolic 
remodeling. 

Glutamine metabolism has been reported to be critical for stem cell 
fate specification, even though its contribution to the energy supply is 
less significant [28,45]. Recent work has reported that ECM stiffness can 
stabilize microtubules by regulating glutamine metabolism, which al-
lows breast cancer cells to adapt to mechanical cues [46]. Our results 
indicate that stiff ECM increase glutamine uptake and GLS activity in 
MSCs. Thus, ECM stiffness controls the replenishment of glutamine. 
Mechanistically, YAP is involved in the metabolism of glutamine on a 
stiff ECM, which promotes the osteogenic differentiation of MSCs. 
Furthermore, a previous study has demonstrated that ECM stiffness 
promotes glutamate synthesis by upregulating GLS through the YAP/-
TAZ signaling pathway in squamous cell carcinoma [47]. Likewise, 
YAP/TAZ-dependent glutaminolysis can affect endothelial cell growth 

and migration in a model of pulmonary hypertension-induced ECM 
stiffening [19]. 

Notably, the metabolism can in turn regulate YAP [41,48]. The in-
hibition of glycolysis decreased YAP/TAZ transcriptional activity in 
breast cancer cells [49]. However, it is unknown whether ECM 
stiffness-induced metabolic responses can regulate YAP activity in 
MSCs. Our results indicate that the inhibition of glycolysis, not the in-
hibition of OXPHOS, impaired YAP transcriptional activity. We also 
concluded that YAP was regulated by glycolysis which was independent 
of the Hippo pathway, but dependent on cell mechanics. ECM stiffness 
has been reported to increase the nuclear localization of YAP through 
the regulation of nuclear pores [29]. Our findings reveal that the inhi-
bition of glycolysis impaired cytoskeletal tension, which in turn reduced 
nuclear flattening on a stiff ECM, which might be a reason for the 
reduction in YAP nuclear import. 

4. Conclusion 

In summary, our findings reveal that ECM stiffness can regulate 
metabolism to contribute to the osteogenic differentiation of MSCs. YAP 
is a component of a feedback mechanism that maintains favorable 
metabolic substrates and mechanics, which determine the fate of MSCs 
(Fig. 7K). These findings provide an effective metabolic target for cell 
therapies based on stem cells and also provide new insights for advanced 
biomaterial design in the field of regenerative medicine. 

5. Experimental section 

5.1. Cell culture 

Human MSCs were purchased from Nuwacell (RC02003, Nuwacell, 
Hefei, China). This study conformed to the standards in the Declaration 
of Helsinki. All procedures were approved by the Biological and Medical 
Ethics Committee of Beihang University (IRB No. BM20210097). The 
cells were cultured in α-MEM (12000022, Gibco BRL, Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum and 1% penicillin- 
streptomycin (Amresco, Solon, OH, USA) at 37 ◦C and 5% CO2. The 
medium was changed every three days. 

5.2. ECM preparation 

Polyacrylamide (PA) gels were prepared according to a previous 
study [50]. PA gels with different Young’s moduli were obtained by 
adjusting the ratio of acrylamide and diacrylamide in aqueous solution 
and induced to polymerize on amino-silanated coverslips by adding N,N, 
N′,N′-tetramethylethylenediamine (TEMED) and ammonium persul-
phate. Next, 0.2 mg ml− 1 sulfosuccinimi-
dyl-6-(4′-azido-2′-nitrophenylamino) hexanoate (sulfo-SANPAH, 
ProteoChem, Hurricane, UT, USA) was used to covalently bind proteins 
to the polyacrylamide ECM, which was activated by ultraviolet light at 
365 nm for 20 min. PA gels were washed with 50 mM HEPES (pH 8.5), 
and coated with 50 μg mL− 1 fibronectin (356008, Corning Life Sciences, 
NY, USA) overnight at 4 ◦C. PA gels were washed two times with 
phosphate-buffered saline (PBS) before seeding the cells. The elastic 

Fig. 4. ECM stiffness regulates osteogenic differentiation of MSCs through mitochondrial dynamics. (A) Top, representative images of mitochondrial morphology in 
MSCs with knockdown of MFN1 (siMFN1) and MFN2 (siMFN2), scale bar, 20 μm; inset scale bar, 10 μm. Bottom, quantification of mitochondrial length (left to right, 
n = 16, 10, 15, 11, 12, 12). (B) Top, Representative images of ALP staining in MSCs with knockdown of MFN1 (siMFN1) and MFN2 (siMFN2) for 7 days, scale bars, 
200 μm. Bottom, quantification of ALP intensity (left to right, n = 10, 15, 11, 11, 9, 11). (C) ΔΨm in MSCs with knockdown of MFN2 (siMFN2) on stiff and soft ECM 
on day 7. Top, representative images of JC-1 staining, scale bars, 10 μm. Bottom, the ratio of J-aggregate to monomers (n = 26, 19, 30, 23). (D) Levels of intracellular 
ATP in MSCs with knockdown of MFN2 (siMFN2) on days 1 and 7 (n = 4 for 1 d, 3 for 7 d). (E) Levels of ROS of MSCs with knockdown of MFN2 on days 1 and 7. Left, 
representative images, scale bars, 25 μm. Right, quantification of intensity (n = 31 for siCO 1 d, 41 for siMFN2 1 d, 30 for siCO 7 d, and siMFN2 7 d). (F) DRP1 puncta 
were detected in MSCs on days 1 and 7. Top, Representative images of DRP1 puncta. Scale bar, 20 μm; enlarged inset scale bar, 10 μm. Bottom, the number of total 
DRP1 puncta (left to right, n = 33, 38, 30, 30). (G) Top, representative images of ALP staining in MSCs with DRP1 inhibitor Mdivi-1 (25 μM), scale bars, 200 μm. 
Bottom, quantification of ALP intensity (left to right, n = 23, 24, 23, 25). Data from at least three independent experiments. All graphs showed mean ± s.d. Statistical 
significance was derived from Mann-Whitney test (F) or unpaired two-tailed Student’s t-test (A–E,G). 

J. Na et al.                                                                                                                                                                                                                                       



Bioactive Materials 35 (2024) 549–563

557

(caption on next page) 

J. Na et al.                                                                                                                                                                                                                                       



Bioactive Materials 35 (2024) 549–563

558

modulus of PA gels was confirmed by a universal testing machine 
(EZ-LX, Shimadzu, Kyoto, Japan) at strain rate of 5 mm min− 1, and the 
resluts were showed in Fig. S1. The CCK8 assays showed that PA gels 
were not cytotoxic to MSCs (Fig. S2). 

5.3. Quantitative real-time polymerase chain reaction 

Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA), and cDNA was synthesized using a reverse transcription kit 
(Takara, Otsu, Japan) according to the manufacturer’s instructions. The 
primers for quantitative real-time polymerase chain reaction (qPCR) 
were synthesized by Sangon Biotech (Shanghai, China) and listed in 
Table S1. qPCR was carried out with a two-step SYBR Green qPCR kit 
(Takara, Otsu, Japan). The thermocycler (QuantStudio 1, Thermo Fisher 
Scientific, Waltham, MA, USA) program was as follows: 95 ◦C for 30 s, 
followed by 40 cycles of 95 ◦C for 10 s and 56 ◦C for 34 s, followed by 
55 ◦C–95 ◦C for the generation of a melting curve. The quantification of 
relative gene expression was performed by the 2− ΔΔCT method, and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a 
reference gene for data normalization. The mtDNA copy number was 
quantified as a ratio of COX1 mtDNA/GAPDH DNA. 

5.4. Alkaline phosphatase staining 

For alkaline phosphatase (ALP) staining, the cells were seeded on 
gels housed in plates and cultured in growth medium for 1, 3, 5, and 7 
days. Cells were fixed with 4% paraformaldehyde for 30 min, and 
washed three times with PBS. BCIP/NBT solution (Beyotime, Shanghai, 
China) was added to the cells, and the plates were incubated in the dark. 
Each sample was imaged by a microscope (Olympus, Tokyo, Japan), and 
the intensity of ALP staining was analyzed with ImageJ software (http: 
//imagej.net/ImageJ) to quantify the amount of ALP expression. In 
certain experiments, 500 μM 2-DG (D0051, Tokyo Chemical Industry, 
Tokyo, Japan), 10 μM BPTES (M5015, Abmole, Houston, TX, USA), or 
200 μM etomoxir (S8244, Selleck, Houston, TX, USA), or 25 μM Mdivi-1 
(HY-15886, MedChemExpress, Monmouth Junction, NJ, USA) were 
incubated with the cells as described. 

5.5. ATP measurement 

The intracellular ATP level was measured using an enhanced ATP 
assay kit (Beyotime, Shanghai, China). Cells were lysed with lysis buffer 
on ice, and then centrifuged at 12000 g for 5 min at 4 ◦C to collect the 
supernatant. Aliquots of 40 μl of the supernatant were mixed rapidly 
with 100 μl of ATP detection reagent in a white-walled 96-well plate, 
and the relative light unit (RLU) values were measured with a lumin-
ometer (Thermo Fisher Scientific). The ATP concentration of each 
sample was calculated using the standard curve. The ATP measurements 
were normalized to the protein concentrations. In certain experiments, 
100 mM 2-DG, 20 μM BPTES, 200 μM etomoxir, 2 μM Oligomycin 

(A606700-0005, BBI Life Sciences, Shanghai, China), 100 mM oxamate 
(M9783, Abmole), 100 μM UK-5099 (M7455, Abmole), 1 μM cytocha-
lasin D (MB0784, Meilunbio, Dalian, China), and 50 μM blebbistatin 
(MB5060, Meilunbio, Dalian, China) were incubated with cells for 1 h, 
and then the intracellular ATP levels were measured. 

5.6. Measurement of the mitochondrial membrane potential 

The mitochondrial membrane potential (ΔΨm) was measured by JC- 
1 staining (T3168, Thermo Fisher Scientific). The J-aggregates fluoresce 
red and indicate high ΔΨm, while the monomers fluoresce green and 
indicate low ΔΨm. Cells were incubated with 1 μM JC-1 for 20 min at 
37 ◦C and washed with pre-warmed PBS. Images were rapidly captured 
with a confocal microscope (Leica SP8, Wetzlar, Germany), and the 
density of the J-aggregates (red, Ex = 535 nm) and the monomers 
(green, Ex = 485 nm) were quantified by ImageJ software. 

5.7. ROS measurement 

Intracellular ROS levels were detected with the cell-permeable probe 
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, HY-D0940, Med-
ChemExpress). Cells were incubated with 5 μM DCFH-DA in the dark at 
37 ◦C for 30 min and wash two times with pre-warmed PBS. Images were 
rapidly acquired with a confocal microscope, and the fluorescence in-
tensity was quantified by ImageJ software. 

5.8. Seahorse assay 

Cells were digested from the PA gels with trypsin and seeded on an 
XF96 plate (Agilent, Santa Clara, CA, USA) at a density of 10,000 cells 
per well. The complete Seahorse medium consisted of 1 g l− 1 glucose 
(G7528, Sigma-Aldrich, St. Louis, MO, USA), 2 mM glutamine (G8540, 
Sigma-Aldrich) and 1 mM sodium pyruvate (S8636, Sigma-Aldrich) in 
Seahorse XF base medium (102353-100, Agilent, Santa Clara, CA, USA) 
with pH 7.4. Cells were incubated at 37 ◦C for 1 h after changing the 
medium to 175 μl of complete Seahorse medium in a CO2-free incubator. 
The inhibitors 2 μM oligomycin (ab141829, Abcam, Cambridge, UK), 2 
μM carbonyl cyanide-4 phenylhydrazone (FCCP, C2920, Sigma- 
Aldrich), and 1 μM rotenone (R8875, Sigma-Aldrich)/antimycin 
(ab141904, Abcam) were injected into the port of the sensor cartridge 
for the detection of oxygen consumption rate (OCR). The 10 mM 
glucose, 2 μM oligomycin, and 2 μM 2-DG (D8375, Sigma-Aldrich), were 
injected into the port of the sensor cartridge for the detection of extra-
cellular acidification rate (ECAR). The cell culture plate and sensor 
cartridge were run on the Seahorse XF96 bioanalyzer (Agilent) to detect 
OCR and ECAR. 

5.9. RNA-sequencing 

Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, 

Fig. 5. ECM stiffness promotes metabolism by YAP in MSCs. (A) Top, representative immunofluorescence of YAP in MSCs on soft and stiff ECM on days 1 and 7, scale 
bar, 20 μm. Bottom, quantification of nuclear YAP localization (n = 31 for 1 d, 30 for 7 d). (B) Top, representative images of ALP staining in MSCs with knockdown of 
YAP (siYAP) for 7 days, scale bars, 200 μm. Bottom, quantification of ALP intensity (left to right, n = 14, 12, 12, 11). (C) Intracellular ATP levels of MSCs transfected 
with siCO or siYAP on days 1 (top) and 7 (bottom) (n = 4 for each group 1 d, 3 for each group 7 d). (D) ΔΨm in MSCs with knockdown of YAP (siYAP) on day 7. Top, 
representative images of JC-1 staining, scale bars, 20 μm. Bottom, the ratio of J-aggregates to monomers (n = 44, 46, 43, 50). (E) Levels of ROS in MSCs with depleted 
YAP (siYAP). Left, representative images, scale bars, 20 μm. Right, quantification of intensity (left to right, n = 31, 28, 41, 28, 42, 40, 33, 35). (F) The gene expression 
levels of SOD2 and CAT of MSCs transfected with siCO or siYAP on soft and stiff ECM on day 7 (left to right, n = 5, 4, 5, 5, 6, 5, 6, 6). (G and H) Metabolic gene 
expression analysis of MSCs with knockdown of YAP (siYAP) on days 1 (G, n = 3 for each group) and 7 (H, n = 6 for each group). (I–K) Mitochondrial morphology of 
MSCs with knockdown of YAP (siYAP) on soft and stiff ECM. Representative STED images (top) and high magnification of white boxed regions (bottom) were shown 
on day 1 (I), scale bars, 20 μm and 4 μm. Mitochondrial length (J, left to right, n = 47, 50, 36, 56, 41, 39, 33, 47) and mitochondrial footprint (K, left to right, n = 40, 
37, 33, 47, 30, 30, 32, 34) was calculated on days 1 and 7. (L) Classification of mitochondrial morphology of MSCs transfected with siCO or siYAP on days 1 and 7 (n 
= 7 for each group). (M) Quantification of mtDNA copy number in MSCs with depleted YAP (siYAP) on day 7 (n = 4 for each group). (N) DRP1 puncta were detected 
in MSCs transfected with siCO or siYAP on days 1 and 7. Left, Representative images of DRP1 puncta, scale bar, 20 μm; inset scale bar, 10 μm. Right, the number of 
total DRP1 puncta (n = 35 for each group). Data from at least three independent experiments. All graphs showed mean ± s.d. Statistical significance was derived 
from Mann-Whitney test (A,D and E) or unpaired two-tailed Student’s t-test (B,C,F–H,J,K,M,N). 
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CA, USA). Library construction and transcriptome sequencing were 
performed by Novogene (Beijing, China). The sequencing library was 
generated using the NEBNext Ultra™ RNA Library Prep Kit (New En-
gland Biolabs, Ipswich, MA, USA), and sequenced on the Illumina 
NovaSeq 6000 platform (Illumina, San Diego, CA, USA). Clean reads 

were mapped to genes in GRCh38 genome by HISAT2 2.0.5 software 
[51]. Differential expression analysis was performed with DESeq2 
1.16.1 package [52]. Enrichment analysis Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were per-
formed using the clusterProfiler 3.4.4 tool [53]. The gene heatmaps and 

Fig. 6. ECM stiffness regulates glutamine metabolism of osteogenesis by YAP. (A) Glutamine uptake and (B) GLS activity in MSCs on soft and stiff ECM on days 1 and 
7 (n = 4 for each group). (C) The gene expression of SLC1A5 and GLS in MSCs on days 1 and 7 (n = 3 for each group). (D and E) Glutamine uptake (D, n = 4 for 1 d, 6 
for 7 d) and GLS activity (E, n = 4 for each group) in MSCs with knockdown of YAP (siYAP) on days 1 and 7. (F and G) The gene expression levels of SLC1A5 (F, n = 5 
for each group) and GLS (G, n = 7 for 1 d, 8 for 7 d) in MSCs transfected with siCO or siYAP on days 1 and 7. (H) Left, representative immunofluorescence of YAP in 
MSCs treated with 20 μM BPTES for 6 h, scale bar, 25 μm. Right, quantification of nuclear YAP localization (n = 30 for each group). (I and J) The gene expression 
levels of ANKRD1 (I) and CTGF (J) in MSCs cultured with 20 μM BPTES for 6 h (n = 4 for each group). Data from at least three independent experiments. All graphs 
showed mean ± s.d. Statistical significance was derived from unpaired two-tailed Student’s t-test. 
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enrichment dot bubble were draw using http://www.bioinformatics.co 
m.cn/. 

5.10. Immunofluorescence 

Cells were fixed with 4% paraformaldehyde for 20 min at room 
temperature, and washed three times with PBS. Cells were per-
meabilized with 0.2% Triton X-100 for 7 min, washed three times and 
then blocked with 5% BSA for 30 min. Cells were rinsed three times with 
PBS, immediately followed by incubation with the primary antibodies (a 
list of specific antibodies is provided in Table S2) overnight at 4 ◦C. The 
antibodies were removed, and the cells were washed with PBS three 
times. Subsequently, the cells were incubated with secondary antibodies 
or phalloidin (1:1000, A34055, Thermo Fisher Scientific) for 1 h at room 
temperature and protected from light. F- and G-actin were visualized 
with phalloidin and DNase I 488 (1:500, D12371, Thermo Fisher Sci-
entific), which were incubated with cells for 1 h. Finally, the cells were 
washed three times and stained with DAPI (1:2000, D9542, Sigma- 
Aldrich) for 5 min. Cell images were captured by a confocal micro-
scope, and analyzed using Fiji software (http://fiji.sc/Fiji). Image z- 
stacks of nuclei were collected with a step size of 0.3 μm and recon-
structed using Imaris 9.0.1 software. 

5.11. Super-resolution imaging 

Cells were stained as described as above, and the primary antibody 
for mitochondrial immunostaining was TOM20 (1:200, sc-17764, Santa 
Cruz Biotechnology). The secondary antibody was Abberior STAR RED 
(640 nm, 1:150, Abberior, NanoTag). Super resolution imaging was 
performed on the Abberior STED system (Abberior Instruments, 
Göttingen, Germany) equipped with an Olympus 100 × UPLXAPO 
100XO 1.45 NA oil immersion objective. 

5.12. Mitochondrial morphology analysis 

Mitochondrial length, footprint and distribution were detected using 
Fiji software (MiNA and Fiji plugin, http://fiji.sc/Fiji). Mitochondrial 
morphology was further classified as punctate, intermediate, and fila-
mentous by machine-learning [54]. The percentage area of each cate-
gory in each image was calculated and then compared among the 
groups. The distribution of mitochondria in the perinuclear region was 
detected from the cell center or MPM [55]. The shift of the curve to the 
left indicated that the mitochondria accumulated towards the center of 
the cell. The mito95 value was defined the distance from the center of 
the cell to the location containing 95% of the mitochondria. 

5.13. Transmission electron microscopy 

Cells were fixed with 2% paraformaldehyde and 2.5% glutaralde-
hyde in PBS at 4 ◦C for 24 h, and then washed with PBS three times at 
room temperature for 15 min each time. After washing, the samples 
were post-fixed with 1% osmium acid and 1.5% potassium ferricyanide 
for 1 h and rinsed with ultrapure water three times for 15 min each time. 
Samples were stained with 1% uranyl acetate overnight, followed by 

washing with ultra-pure water three times for 15 min each time. Stained 
cells were dehydrated in an ice box through a series of ethanol and 
propylene oxide baths, followed by infiltration with EMbed-812 resin 
and embedding at 60 ◦C. Samples were imaged with a transmission 
electron microscope (H-7650, Hitachi, Tokyo, Japan), and data analysis 
was performed using ImageJ software. 

5.14. Visualization of mitochondria in living cells 

The mEmerald-TOMM20-N-10 plasmid was a gift from Michael 
Davidson (Addgene plasmid 54282, Watertown, MA, USA). The plasmid 
was transfected into cells using Lipofectamine 3000 reagent (L3000075, 
Thermo Fisher Scientific). The transfection reagent was removed and 
replaced with normal complete medium after 6 h transfection. Two days 
after transfection, the imaging of living cells was performed by a spin-
ning disk confocal microscope (Dragonfly, Andor, Belfast, UK) at 37 ◦C 
with 5% CO2. Fluorescence images were collected with a 40 × 1.30 NA 
oil immersion objective at 10 s intervals for 3–5 min. The quantitation of 
mitochondrial movement was acquired by ImageJ as previously 
described [56]. 

5.15. Western blotting 

Cells were lysed with RIPA buffer (Beyotime) containing protease 
inhibitors (04693132001, complete EDTA-free, Roche, Basel, 
Switzerland), and the supernatant was collected by centrifugation at 
4 ◦C. The concentrations of proteins were quantified using the BCA assay 
kit (P0010, Beyotime, Shanghai, China), and 30 μg of protein from each 
sample was separated on a 12% SDS-PAGE gel. The proteins were 
transferred to a PVDF membrane, which was blocked in 5% bovine 
serum albumin (BSA) for 2 h at room temperature. The PVDF membrane 
was incubated with the primary antibodies (a list of specific antibodies is 
provided in Table S2) overnight at 4 ◦C. Secondary antibody conjugated 
to horseradish peroxidase was incubated with the PVDF membrane for 1 
h at room temperature, and target proteins were detected by enhanced 
chemiluminescence (ECL) reagent (Applygen, Beijing, China). The 
bands were imaged by an imaging system (Sagecreation, Beijing, China), 
and quantified with Quantity One software (Bio-Rad, Hercules, CA, 
USA). 

5.16. Transfections 

The small interfering RNAs (siRNAs) for YAP, MFN1 and MFN2 were 
synthesized by GenePharma (GenePharma, Shanghai, China), and the 
sequences of the siRNAs are listed in Table S3. The day before trans-
fection, the medium was changed to complete medium without peni-
cillin and streptomycin. When cells reached 80% confluence, 10 nM 
siRNA was diluted in Opti-MEM (31985062, Thermo Fisher Scientific), 
and transfected into cells with RNAiMAX (13778150, Thermo Fisher 
Scientific). Cells were used for subsequent experiments after 48 h of 
transfection, and the transfection efficiency was assessed by western 
blotting. 

Fig. 7. Glycolysis regulates YAP activity via cell mechanoresponsive. (A) Left, representative immunofluorescence of YAP in MSCs treated by 100 mM 2-DG or 2 μM 
oligomycin (Oligo) for 6 h, scale bar, 25 μm. Right, quantification of nuclear YAP localization (n = 30 for each group). The gene expression levels of ANKRD1 (B) and 
CTGF (C) in MSCs with 100 mM 2-DG or 2 μM oligomycin (Oligo) for 6 h (n = 4 for each group). (D–F) G-actin and F-actin in MSCs treated with 100 mM 2-DG for 6 h, 
Representative images (D), scale bar, 25 μm. Quantification of F-actin intensity (E, n = 30 for each group) and G/F actin ratio (F, n = 30 for each group). (G) Left, 
representative images and heatmap of myosin II in MSCs treated with 100 mM 2-DG for 6 h, scale bar, 25 μm. Right, quantification of myosin II intensity (n = 30 for 
each group). (H) Left, representative images of paxillin in MSCs treated with 100 mM 2-DG for 6 h, scale bar, 25 μm; inset scale bar, 20 μm. Right, quantification of 
FA number per cell (n = 30 for each group). (I) Left, representative images of apical actin stress fibers (top) and high magnification and three-dimensional (3D) 
reconstruction of white boxed regions (bottom), scale bars, 30 μm and 10 μm. Right, quantification of the actin cap formation (n = 15 for each group). (J) Left, 
reconstructed DAPI images in MSCs treated with 100 mM 2-DG for 6 h, scale bar, 10 μm; inset scale bar, 20 μm. Right, quantification of nuclear height (n = 30 for 
each group). (K) Schematic illustration represents ECM stiffness-driven metabolism in regulating osteogenic differentiation of MSCs through YAP. Data from at least 
three independent experiments. All graphs showed mean ± s.d. Statistical significance was derived from unpaired two-tailed Student’s t-test. 
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5.17. Glutamine assay 

The glutamine level was measured from the medium using a gluta-
mine enzyme immunoassay (EIA) kit (TW210, TW-REAGENG, 
Shanghai, China). Cells were cultured in the same volume of normal 
medium containing 2 mM glutamine. The uptake of glutamine by cells 
was inversely proportional to the concentration of glutamine in the 
medium. The supernatant was collected by centrifugation at 1000 g for 
5 min, and the enzyme-linked immunosorbent assay was performed 
according to the manufacturer’s instructions. The optical density (OD) 
was measured with a plate reader (Varioskan Flash Multimode Reader, 
Thermo Fisher Scientific), and the glutamine level was normalized to 
cell number. 

5.18. Glutaminase activity assay 

The glutaminase activity of cells was measured using the gluta-
minase (GLS) activity assay kit (BC1445, Solarbio) according the man-
ufacturer’s instructions. Cells cultured on gels were digested and 
sonicated at 32% power for 3 min (3 s per time, 7 s per interval) in an ice 
bath. Extracts were centrifuged at 12000 g for 15 min at 4 ◦C, and the 
supernatants were combined to the reaction solution. The absorbance at 
630 nm was recorded for each sample against a water blank, and the 
enzyme activity was calculated. Glutaminase activity was normalized to 
cell number. 

5.19. Statistical analysis 

Statistical analysis was performed using SPSS 25.0 software, and the 
graphs were generated by GraphPad Prism 9.0.0 software. All data 
represented mean ± standard deviation (SD). The normal distribution of 
all data was assessed using the Shapiro-Wilk test (significance value of 
0.05). If the data passed the normality test, the significance of means 
between two comparable groups was determined using the unpaired 
two-tailed Student’s t-test; if not, statistical significance of two compa-
rable groups was determined using the Mann-Whitney test. Multiple 
comparisons of normally distributed datasets were performed using 
One-way ANOVA with Dunnet’s test. The P values were given in the 
Fig. legends, and P < 0.05 was considered to be statistically significant. 
Fig. 7 was created with BioRender.com. 
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