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Subendothelial stiffness alters 
endothelial cell traction force 
generation while exerting 
a minimal effect on the 
transcriptome
Effie E. Bastounis1, Yi-ting Yeh2 & Julie A. Theriot  1*

Endothelial cells respond to changes in subendothelial stiffness by altering their migration and 
mechanics, but whether those responses are due to transcriptional reprogramming remains largely 
unknown. We measured traction force generation and also performed gene expression profiling for 
two endothelial cell types grown in monolayers on soft or stiff matrices: primary human umbilical vein 
endothelial cells (HUVEC) and immortalized human microvascular endothelial cells (HMEC-1). Both cell 
types respond to changes in subendothelial stiffness by increasing the traction stresses they exert on 
stiffer as compared to softer matrices, and exhibit a range of altered protein phosphorylation or protein 
conformational changes previously implicated in mechanotransduction. However, the transcriptome 
has only a minimal role in this conserved biomechanical response. Only few genes were differentially 
expressed in each cell type in a stiffness-dependent manner, and none were shared between them. In 
contrast, thousands of genes were differentially regulated in HUVEC as compared to HMEC-1. HUVEC 
(but not HMEC-1) upregulate expression of TGF-β2 on stiffer matrices, and also respond to application 
of exogenous TGF-β2 by enhancing their endogenous TGF-β2 expression and their cell-matrix traction 
stresses. Altogether, these findings provide insights into the relationship between subendothelial 
stiffness, endothelial mechanics and variation of the endothelial cell transcriptome, and reveal that 
subendothelial stiffness, while critically altering endothelial cells’ mechanical behavior, minimally 
affects their transcriptome.

Subendothelial stiffening often occurs with aging and in multiple pathologies such as atherosclerosis and hyper-
tension constituting a risk factor for development of cardiovascular disease1,2. Endothelial cells (ECs) that form 
a single monolayer in vivo to line the inner lumen of blood vessels, respond to changes in the mechanics of 
their extracellular matrix (ECM), such as its stiffness, by changing their migration, proliferation and barrier 
integrity, thus contributing to the emergence of these pathologies3–5. Understanding the interplay between the 
micro-environmental mechanical determinants and EC behavior is therefore pertinent to understanding vascular 
biology and might have important therapeutic implications.

ECs exhibit remarkable phenotypic heterogeneity, and the basis of these morphological, molecular and func-
tional differences is still not completely characterized6,7. It has been previously proposed that the spatiotemporal 
differences in chemical and also mechanical cues relayed to ECs by their environment theoretically could be 
sufficient to explain their structural and functional differences8. Examples of mechanical signals relayed to ECs 
include subendothelial stiffness, fluid shear flow and mechanical strains. However, even when ECs from different 
anatomical locations are placed in vitro in the same biomechanical environment, they can still display a unique 
behavior intrinsic to the ECs themselves and not determined by differential culture or microenvironmental con-
ditions9–11. For instance, the response of human umbilical cord endothelial cells (HUVEC) to changes in curva-
ture or shear stress applied in tissue culture is completely distinct from that of brain microvascular ECs9.
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Transcriptomic profiling has advanced our understanding of how differential gene expression is linked to 
altered cell behavior. Specifically, it has provided insight into the complex biological pathways and molecular 
mechanisms that regulate changes in cellular behavior in response to mechanical cues for certain cells types, such 
as mesenchymal stem cells, vascular smooth muscle cells and certain endothelial cell types, all of which were 
found to be extremely sensitive to substrate stiffness12–17. However, in most of these studies cell confluency was 
either low or not explicitly stated. Cell density plays a crucial role in the response of ECs to mechanical cues and 
in the forces transduced by ECs on their ECM and on each other18,19 and increased cell density can even override 
the effect of ECM stiffness in certain cell types20. Inspired by these studies, we sought to answer two impor-
tant previously unexplored questions: (1) Are the biomechanical changes in response to subendothelial stiffness 
observed for ECs in monolayers due to transcriptional regulation of key stiffness-sensitive genes? and (2) Is the 
transcriptomic profile of ECs in monolayers dominated by the specific EC type or by the mechanical microenvi-
ronment, in particular subendothelial stiffness?

In this study, we compared the responses of two different types of ECs to growth on stiff versus soft hydro-
gel substrates, primary human umbilical vein endothelial cells (HUVEC) cultured from normal human tissue 
and immortalized human microvascular endothelial cells (HMEC-1) that were transformed using SV40 large T 
antigen21. Both cell types in confluent monolayers changed their mechanical behavior in response to increasing 
subendothelial stiffness similarly, by elevating their cell-matrix traction stresses on stiffer as compared to softer 
matrices, and altering protein phosphorylation profiles associated with mechanotransduction. However only very 
modest stiffness-dependent alterations in gene expression were observed using RNA sequencing.

Results
ECs in monolayers exert increased cell-matrix traction stresses when residing on stiff as com-
pared to soft hydrogels. To assess how subendothelial stiffness affects EC mechanics and how that is 
related to changes in the endothelial transcriptome, we cultured ECs as confluent monolayers on substrates of 
varying stiffness. Trying to mimic (patho)physiologic subendothelial stiffness, we built collagen-I coated soft 
hydrogels of 3 kPa (lower range of EC basement membrane reported stiffness where cells can still in vitro form 
monolayers) and stiffer hydrogels of either 35 kPa or 70 kPa (higher ranges of basement membrane reported 
stiffness often associated with aging or pathologies)22–24. The resulting stiffness of the gels was confirmed through 
atomic force microscopy (Supplementary Fig. S1a). Hydrogels were embedded with fluorescent beads such that 
when ECs establish their focal adhesions and start pulling on the hydrogels and on each other, we can use time-
lapse microscopy to monitor the cell and bead movement. Using the fluorescence images of the beads we then 
infer the deformations the cells impart and the stresses they exert on their matrix through traction force micros-
copy (TFM)25. 3 kPa is the lowest stiffness we examined since as previously reported, we find that ECs seeded 
on <3 kPa stiffness gels do not consistently form monolayers but rather vessel-like patterns with intermittent 
gaps26,27. 70 kPa gels are considered as our “STIFF” condition given previous reported values of pathological 
subendothelial stiffness measured in clinical studies22–24. However, for TFM only we used as “STIFF” 35 kPa gels 
since this was found to be the highest stiffness on which the cells can still deform the gels.

By performing TFM, we found that both HUVEC and HMEC-1 followed via time-lapse microscopy between 
24 h to 32 h post-seeding generate smaller deformations on stiffer 35 kPa gels as opposed to the softer 3 kPa, and 
overall HMEC-1 generate larger deformations than HUVEC under similar conditions (Fig. 1). Interestingly, for 
both cell types the traction stresses they exert and the total traction force magnitude over the field of view is sig-
nificantly higher for ECs residing on 35 kPa gels as compared to 3 kPa gels (Fig. 1a,b,d,e). This finding suggests 
that the internal cytoskeleton and contractility of these two EC types changes depending on the mechanical 
properties of their subendothelium, in a way that might be similar in both EC types. Note that the strain energy, 
which is the mechanical work spent by the cells to deform their matrix, for both cell types is similar irrespective 
of substrate stiffness (Fig. 1c,f).

Given that previous studies have shown that EC protein levels can be sensitive to subendothelial stiffness28,29, 
we sought to evaluate whether in our system protein expression or activity would be modulated by matrix stiff-
ness under our experimental conditions. We thus performed Western blot analysis for a number of EC proteins 
whose activity or conformation has been previously shown to depend on subendothelial stiffness28–32. To that end 
we measured protein levels for the active form of integrin β1 and integrin β130, p397FAK and FAK32, p-Vav2 and 
Vav228, p-p70S6K and p70S6K31, p-ERK and ERK5. We found that the phosphorylation level or conformation 
of all these proteins changes for one or both cell types (Fig. 2; Supplementary Fig. S2). For both cell types the 
protein level of the active form of integrin β1, but not total integrin β1 expression, is increased for cells residing 
on stiff as compared to soft substrates (Fig. 2a–c). Similarly, pVav2 and p-p70S6K, but not total protein levels 
of Vav2 and p70S6K, are increased for both cell types on stiff as opposed to soft matrices. ERK2 protein levels 
remain constant while phosphorylation increases with stiffness for HUVEC (but not HMEC-1). Finally, total 
FAK levels remain constant but FAK activity increases significantly for HMEC-1 only (but not HUVEC). These 
results demonstrate that known mechanosensitive proteins in these two EC types are responding as expected to 
changes in matrix stiffness, and that this response is largely mediated by changes in protein phosphorylation or 
conformation (Fig. 2b,c).

Differentially expressed genes (DEGs) arise due to EC type rather than subendothelial stiffness.  
We sought to understand whether the subendothelial stiffness-dependent elevation of the EC traction stresses 
is additionally regulated by changes in the EC transcriptome. To this end, we implemented RNA sequencing to 
comprehensively define gene expression in HUVEC and HMEC-1 grown in monolayers and in similar densi-
ties, in response to physiologically soft (3 kPa, on SOFT) and pathologically stiff (70 kPa, on STIFF) matrices 
(Supplementary Fig. S1a,b). Due to inherent variability of biological samples and to increase our confidence 
in identification of DEGs, we decided to sequence 6 replicates per condition. Using GENCODE annotations 
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(grch38)33, we identified a total of 15,797 genes expressed in HUVEC and 16,027 genes expressed in HMEC-1, 
after disregarding genes with base mean normalized count lower than 1034.

To our surprise, differential expression (DE) analysis of HUVEC on STIFF versus HUVEC on SOFT led us 
identify just 24 DEGs using typical thresholds (see Methods; Fig. 3a,b and Supplementary Fig. S3 and Table S1)34. 
When we then compared HMEC-1 on STIFF versus SOFT, we found just 8 DEGs (Fig. 3c,d and Supplementary 
Fig. S4 and Table S2). In contrast, comparison of HUVEC versus HMEC-1 on STIFF revealed a total of 10020 
DEGs (Fig. 3e,f and Supplementary Fig. S5 and Table S4) while comparison of HUVEC versus HMEC-1 on 
SOFT revealed 10162 DEGs (Fig. 2g,h and Supplementary Fig. S6 and Table S4). Of those, 44 genes were solely 
expressed in HMEC-1 and 147 solely in HUVEC (Supplementary Table S5). Note that for the above we used 
a low threshold of at least 1.23-fold change. If a threshold of 2-fold change was applied, there would be no 
stiffness-dependent DEGs identified for either EC type, while HUVEC versus HMEC-1 on STIFF would yield 
4449 DEGs and HUVEC versus HMEC-1 on SOFT 4558 DEGs. These results suggest that the specific EC type 
profoundly defines the transcriptome of ECs, and that matrix stiffness has only a minimal effect, at least for 

Figure 1. Endothelial cells in monolayers exert higher cell-matrix traction forces onto stiff as compared to 
soft hydrogels. (a) Representative phase contrast images (phase, first column) and cell-matrix deformation 
maps (second column, color indicates deformation magnitude in μm) and traction stresses (third column, 
color indicates stress magnitude in Pa) exerted by confluent HUVEC adherent onto soft 3 kPa or stiff 35 kPa 
hydrogels. (b,c) Time evolution of the integral of the traction force magnitude over the whole field of view to 
its area (nN/μm2) (b) and of the total strain energy imparted by the cells per area of field of view (nN/μm) (c) 
calculated for two different regions within confluent HUVEC monolayers for cells residing on soft 3 kPa (blue) 
or stiff 35 kPa (red) matrices. (d–f) Same as in panels a-c but corresponding to HMEC-1 monolayers.

https://doi.org/10.1038/s41598-019-54336-2


4Scientific RepoRtS |         (2019) 9:18209  | https://doi.org/10.1038/s41598-019-54336-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

these two specific EC types studied and under the conditions where we examined them (i.e. confluent monolay-
ers, with cells seeded for 24 h on collagen I-coated gels). In addition, we discovered that HUVEC show more 
stiffness-sensitive DEGs as compared to HMEC-1, and that none of these few identified DEGs are shared in 
common between the two EC types.

Principal component analysis of the top 500 most variable genes across all samples confirmed that the EC type 
but not ECM stiffness is the major determinant of expression differences and accounts for approximately 99% of 
the variation between transcriptomes (Fig. 4a,c). ECM stiffness appears to be a minor contributor accounting 
for <1% of the expression variance for HUVEC only, while HMEC-1 on STIFF fall exactly in the same PCA 
space as on SOFT, appearing indistinguishable (Fig. 4b). Consistent with this analysis, when we performed hier-
archical clustering on the rlog transformed counts and created dendrograms of the Euclidean distance between 
pairs of samples, we found that the separation emerges based on cell type but not on subendothelial stiffness 
(Supplementary Fig. S7a). Similarly, hierarchical clustering on the 200 most variant genes across all samples 
clearly separates the two EC types, while subendothelial stiffness does not separate HMEC-1, but separates 
HUVEC with low confidence (Supplementary Fig. S7b and Table S6).

Next, given that the differences between the two EC types are so dramatic, we sought to understand what 
major biological pathways differ, and to that end we performed Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis and Gene Ontology (GO) functional enrichment for the DEGs of HUVEC versus 
HMEC-135. Pathway enrichment analysis reveals 9 KEGG pathways significantly perturbed between the two EC 
types with 4 of those being clearly pertinent to endothelial biomechanics (Supplementary Table S7). Cell adhe-
sion molecules and particularly tight junction genes essential for proper intercellular stress transmission and EC 
barrier integrity are upregulated for HUVEC as compared to HMEC-1 (hsa04514; Supplementary Fig. S8). Most 
genes related to arachidonic acid metabolism, important for the regulation of vascular tone in response to shear 
stresses, are also upregulated for HUVEC36 (hsa00590; Supplementary Fig. S8). Additionally, genes related to 
ECM-receptor interactions are significantly different between the two EC types with HMEC-1 expressing signifi-
cantly more collagen (and exclusively COL1A1), tenascin and vitronectin as compared to HUVEC which express 
more laminin, perlecan and fibronectin among other ECM proteins (hsa04512; Supplementary Fig. S9). Finally, 
genes related to calcium signaling, involved in shear stress- and matrix stiffness-sensing of ECs37, are upregulated 

Figure 2. Post-transcriptional changes on ECs in monolayers grown on soft versus stiff hydrogels. (a) Western 
blots from whole HUVEC or HMEC-1 lysates of cells previously residing on soft gels (3 kPa) or stiff gels (70 
kPa). Representative cropped blots are displayed and full-length blots can be found in the supplementary 
material (Supplementary Fig. S2). Each row shows a different protein whose expression, phosphorylation 
or conformation was probed, namely: active form of integrin β1, total integrin β1, p397FAK, total FAK, 
p-Vav2, total Vav2, p-p70S6K, total p70S6K, p-ERK, total ERK and GAPDH (used as loading control). 
Experiments were performed N = 3 times. (b) Bar plots show relative expression of the proteins probed in 
panel a for HUVEC cells residing on soft (blue) or stiff (red) gels. All measurements were normalized to 
GAPDH expression for each condition, and expressed as fold-change relative to the median expression level 
on soft substrates. One or two asterisks denote statistically significant differences between the medians of two 
distributions (<0.05 or <0.01 respectively; unpaired t-test) and non-significant differences are denoted as ns. 
(c) Same as panel b but for HMEC-1.
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Figure 3. Endothelial origin but not matrix stiffness strongly determines the transcriptome of endothelial cells. 
(a,c,e,g) Scatter plots of expressed genes showing normalized counts of gene expression in the x and y axes 
for the indicated groups: (a) HUVEC on stiff 70 kPa (N = 6) versus soft 3 kPa matrices (N = 6), (c) HMEC-1 
on stiff 70 kPa (N = 6) versus soft 3 kPa matrices (N = 6), and (d) HUVEC (N = 6) versus HMEC-1 on stiff 70 
kPa matrices (N = 6) and (g) HUVEC (N = 6) versus HMEC-1 on soft 3 kPa matrices (N = 6). Light gray dots 
represent genes that are not differentially expressed while differentially expressed genes (DEGs) are shown 
as dots color-coded by their -log10 p-values. (b,d,f,h) Volcano plots showing DEGs between the same groups 
compared as above. The -log10 p-values (y-axis) are plotted against the average log2 fold changes in expression 
(x-axis). Non DEGs are plotted in light gray. DEGs are color-coded depending on the log10 of their mean 
normalized counts.

https://doi.org/10.1038/s41598-019-54336-2


6Scientific RepoRtS |         (2019) 9:18209  | https://doi.org/10.1038/s41598-019-54336-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

for HUVEC as compared to HMEC-1 (hsa04020; Supplementary Fig. S9). Among the other genes upregulated by 
HUVEC is myosin light chain kinase (MLCK) central in cellular contractile behavior (Supplementary Fig. S9). 
Altogether these results suggest that HUVEC as compared to HMEC-1 might be more sensitive and responsive 
to mechanical cues and perturbations.

To confirm the KEGG results we also mapped the DEGs between HUVEC and HMEC-1 to GO Biological 
Process (BP) terms. The resulting functional analysis revealed that the majority of significantly perturbed 
GO terms in the BP category are upregulated for HUVEC as opposed to HMEC-1 (Supplementary Table S8). 
Interestingly, all the 11 GO terms that are upregulated for HMEC-1 correspond to cell cycle or cell division. In 
contrast, the 47 upregulated terms found for HUVEC are largely related to endothelial-specific functions, many 
of which are central in EC biomechanical behavior, in accordance with the KEGG pathways analysis (e.g. EC 
migration, calcium-dependent cell-cell adhesion).

TGF-β2 and TGF-β2-related genes are among the stiffness-sensitive DEGs identified in 
HUVEC. When we looked more closely on the 24 stiffness-sensitive DEGs in HUVEC, we found that 8 out 
of the 24 DEGs correspond to pseudogenes, uncharacterized genes, mitochondrial RNA or microRNA and were 
therefore not examined further (Supplementary Table S1). Out of the remaining 16 genes, 14 of them are upreg-
ulated on stiff and only 2 on soft matrices. Of the 14 genes that are upregulated on stiff matrices, 5 genes encode 
proteins that are secreted to or remodel the ECM of ECs: TGF-β2, ADAMTSL1, LAMB3, SMOC1, STC138,39. 
TGF-β2 is a cytokine that is secreted to the ECM in a latent form. Once it switches into an active conformation, 
TGF-β2 can bind to TGFβ receptors and modulate the synthesis and accumulation of ECM components and the 
expression of cell surface receptors for ECM components40–42. ADAMTSL1 is a latent TGF-β binding protein 
that is key in ECM remodeling43, LAMB3 encodes the β3 subunit of laminin which is a protein of EC basement 
membranes and is expressed more in response to TGF-β244, SMOC1 is a matricellular protein (i.e. does not 
have a structural but rather a regulatory role when secreted to the ECM) found in basement membranes and 
is also a TGF-β regulator39 and STC1 is a secreted glycoprotein found downstream of TGF-β2 in osteoclasts38. 
From the 11 remaining upregulated genes 4 affect gene expression or transcription, namely: ZNF703, a transcrip-
tional co-repressor related to TGF-β45; ZSCAN31, a DNA-binding transcription factor; ID1, a transcriptional 
regulator46; and KLF10, a zinc finger DNA-binding protein that regulates gene expression and is also known 
as transforming growth factor-β (TGFβ) inducible early gene-1 (TIEG1)47. In addition, we found the follow-
ing genes to be upregulated: CXCL12, a secreted chemokine that contributes to cancer48; GADD45B an effector 
of TGF-β signaling49,50; KRT7 a cytoskeletal protein expressed in blood vessels and upregulated in response to 
TGF-β51; INSR a transmembrane receptor that is activated by insulin52; and EPHA5 a receptor belonging to the 
protein-tyrosine kinase family53. Finally, the only two upregulated genes discovered for HUVEC grown on soft 
matrices were XAF1 an antagonist of XIAP (suppresses caspase-3 activation and cell death) activities and is sup-
pressed in response to TGF- β stimulation54 and OFML3 a secreted scaffold protein important in endothelial to 
mesenchymal transition (EndMT)55.

DE analysis of HMEC-1 monolayers residing on soft versus stiff gels led to the identification of only 7 DEGs 
(Supplementary Table S2). 6 of them were upregulated on stiff gels and consisted of histone-related genes, along 
with a pseudogene and a mitochondrially-encoded dehydrogenase. The one gene that was upregulated on soft 
matrices corresponded to SLC6A6, which encodes a multi-pass membrane protein, a member of a family of 
sodium and chloride-ion dependent transporters56. Overall, HUVEC express more ECM stiffness-sensitive genes 
as compared to HMEC-1, and seem to retain more EC specific functions and mechanosensitivity according to 

Figure 4. Principal component analysis (PCA) confirms that endothelial origin but not matrix stiffness is a 
major contributor of expression differences. (a,b) PCA on top 500 DEGs for HUVEC on soft 3 kPa (turquoise 
circles) and on stiff 70 kPa (purple circles) matrices and for HMEC-1 on soft 3 kPa (orange circles) and on stiff 
70 kPa (green circles) matrices. PC1 versus PC2 is shown in panel A and PC3 versus PC4 is shown in panel B. 
The 95% confidence ellipse is shown for each group with the corresponding colors. (c) Scree plot showing in 
decreasing order the proportion of variance explained by each PCA mode up to PC10.
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the pathway enrichment analysis. Given these findings, we decided to focus our attention on this specific cell type 
to further explore if and how the stiffness-sensitive DEGs we identified are related to each other and to HUVEC 
mechanobiology.

RT-qPCR on HUVEC treated with recombinant TGF-β2 confirms changes in expression of 
several genes identified to be stiffness-sensitive through RNA sequencing. One of the ECM 
stiffness-sensitive genes that we identified to be upregulated in HUVEC on stiff as opposed to soft gels is TGF-β2. 
Interestingly, for certain cell types there is a correlation between expression of TGF-β2 and enhanced cellular 
contractility57,58 together with deposition of ECM components59 that might even contribute to the development of 
fibrotic diseases60. Triggered by our finding and these past studies, we hypothesized that the differential regulation 
of many of the genes expressed by HUVEC on stiff but not on soft matrices could be primarily due to TGF-β2 
upregulation. To assess the plausibility of this hypothesis, we seeded cells on soft or stiff matrices in monolayers 
and treated them for 24 h with either vehicle control, or 1 ng/mL or 10 ng/mL of recombinant TGF-β2. We then 
performed RT-PCR to assess which genes are differentially expressed in the presence or absence of TGF-β2 as 
compared to controls and whether that depends on subendothelial stiffness (Supplementary Table S9).

We found that addition for 24 h of recombinant TGF-β2 onto HUVEC residing on soft matrices led to a 
4-fold or to a 5-fold increase in endogenous TGF-β2 expression for cells residing on soft or stiff matrices respec-
tively (Fig. 5a). Consistent with the idea that TGF-β2 is upstream of several of the DEGs identified, we addition-
ally found a 7-fold increase in expression of KRT7, 2-fold increase of CXCL12, 1.5-fold increase of GADD45B, 
1.3-fold increase of INSR and 1.3-fold increase of KFL10 (Fig. 5b–f). Also consistent with the DE analysis, addi-
tion of TGF-β2 led to 30% decrease in OFML3 and in 20% decrease of XAF1 for cells residing on stiff matrices 
only (Fig. 5k,l). To our surprise STC1, LAMB3, SMOC and ADAMTLS (the DEGs expressing proteins involved 
in ECM remodeling) showed decreased expression compared to cells treated with vehicle control irrespective 
of substrate stiffness (Fig. 5g–j). STC1 showed 80% decrease in expression, LAMB3 40% decrease, SMOC1 50% 
decrease and ADAMTLS a 20% decrease (Fig. 5g–j) as compared to control cells. EPHA5, ZSCAN31, ZNF703 
and ID1 did not show any appreciable changes in gene expression irrespective of the treatments (Fig. 5m–p). 
These results suggest that at least 7 of the DEGs identified when comparing HUVEC on stiff versus soft matrices 
are regulated downstream of TGF-β2.

HUVEC but not HMEC-1 treated with recombinant TGF-β2 show a significant elevation in their 
traction stresses on both stiff and soft matrices. We next asked whether TGF-β2 and its downstream 
effectors might contribute to the elevation in the traction stresses that HUVEC display on stiff as opposed to 
soft matrices. For that we grew HUVEC in monolayers on soft 3 kPa or stiff 35 kPa hydrogels and added 1 ng/
mL TGF-β2 or vehicle control for 24 h. For comparison, we also examined if addition of recombinant TGF-β2 
would influence HMEC-1 mechanics by performing in parallel TFM on this cell type. Consistent with our previ-
ous findings, we found that both HMEC-1 and HUVEC when treated with vehicle control exert higher traction 
stresses on stiffer as opposed to softer matrices (Supplementary Figs. S10 and S11). When HUVEC were treated 
with TGF-β2 they displayed an elevation of their cell-matrix deformations, traction stresses and strain energy as 
compared to controls both on soft and stiff matrices (Supplementary Fig. S10a–c; Supplementary Movies S1 and 
S2). Addition of TGF-β2 led to a higher increase in strain energy for HUVEC residing on stiff (4-fold increase) 
as opposed to soft (3-fold increase) matrices (Fig. 6). We also found that cells are less dynamic upon addition of 
TGF-β2 since the correlation of the deformation maps between subsequent frames decreased much faster for 
cells treated with vehicle control as compared to cells treated with TGF-β2 (Supplementary Fig. S12). Unlike 
HUVEC, HMEC-1 did not increase either their traction stresses or strain energy upon addition of TGF-β2 (Fig. 6 
and Supplementary Fig. S10a–c). Indeed, when we plotted the mean strain energy per field of view for multiple 
recordings and normalized it for each condition (cell type or stiffness) with the strain energy of vehicle control, 
we found an approximately 2 or 3-fold increase in the strain energy for HUVEC residing on soft or stiff matrices 
respectively but no change for HMEC-1 irrespective of stiffness (Fig. 6).

HUVEC exposed to TGF-β2 show increased amount of F-actin and pMLC. The increase in 
cell-matrix traction stresses that HUVEC exert upon addition of TGF-β2 suggest major actin cytoskeletal rear-
rangements occurring within the cells or changes in their actomyosin contractility or both. To explore this possi-
bility, we seeded HUVEC on soft (3 kPa) and stiff (70 kPa) hydrogels and added recombinant TGF-β2 or vehicle 
control for 24 h. Samples were then fixed and stained with phalloidin to visualize F-actin and DAPI to stain the 
cells’ nuclei, to ensure that confluency is similar between different conditions (Supplementary Fig. S13a,b). Since 
actomyosin contractility is mediated through the phosphorylation of myosin regulatory light chain (MLC)61, 
we also used an antibody against pMLC (Thr18/Ser19) to assess potential changes in myosin activity that could 
explain the increase in traction stresses upon addition of TGF-β2. As shown by the representative images in Fig. 7, 
HUVEC on stiff as opposed to soft gels showed slightly increased F-actin fluorescence intensity and increased 
actin stress fiber formation, reinforcing the idea that actin organization rather than gene expression is what differ-
ent in these two distinct mechanical regimes (Fig. 7a,c). In addition, samples of wells treated with TGF-β2 showed 
a significant increase both in F-actin fluorescence intensity and in actin stress fiber formation, particularly on 
soft but also on stiff substrates (Fig. 7b,d,e). In parallel, we investigated the effect of TGF-β2 on the phosphoryl-
ation of MLC and found an increase in pMLC fluorescence intensity for HUVEC treated with TGF-β2 residing 
on both soft and stiff substrates, similar to the increase in F-actin (Fig. 7b,d,f). In addition, pMLC appeared in 
part to co-localize with F-actin stress fibers, suggesting that F-actin reorganization and actomyosin contractility 
in response to TGF-β2 for both substrate stiffnesses might in part explain the increase in traction stresses for 
HUVEC. We also immunostained HMEC-1 under the same conditions but were unable to see any changes in 
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F-actin or pMLC intensity and localization, upon addition of TGF-β2, consistent with the absence of changes in 
the magnitude of traction stresses these cells exert upon addition of TGF-β2 (Fig. 7g,h).

Discussion
In this study we showed for the first time that subendothelial stiffness has a minimal effect on the transcriptome 
of HUVEC and HMEC-1 cells when those are seeded in confluence for 24 h on collagen I-coated hydrogels. 
The effect of ECM stiffness on the transcriptome of cells has been examined before for certain cell types and has 
yielded novel insight into the importance of stiffness in dictating the cellular transcriptome12–14. In hepatocytes 
4000 genes were differentially-regulated depending on ECM stiffness although cell confluency in this study was 
not explicitly stated14. Similarly, the mesenchymal stem cell transcriptome was found extremely stiffness-sensitive 
when these cells are sparsely encapsulated within alginate gels12. When vascular smooth muscle cells were placed 
on soft or stiff matrices, 2842 stiffness-sensitive genes were identified common in both cell types corresponding to 
both protein coding and lncRNAs13, although no fold change cutoff was considered for DEG identification in this 

Figure 5. TGF-β2 modulates expression of some stiffness-sensitive genes in HUVEC. (a–p) Relative with 
respect to GAPDH expression levels of the indicated stiffness-sensitive DEGs obtained by RT-qPCR. For each 
boxplot N = 3 replicates are shown for each group treated with either vehicle control (#1, #4), or treated for 24 h 
with 1 ng/mL (#2, #5) or 10 ng/mL TGF-β2 (#3, #6). HUVEC either were residing on soft 3 kPa (blue) or stiff 
70 kPa (red) matrices and the relative levels of expression in each treated sample (#2-#4 or #6-#8) are expressed 
relative to the vehicle control samples of cells residing on soft (#1) or stiff (#4) matrices respectively.
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study. Interestingly, in most of these studies the characterized cells were not plated under conditions where they 
formed monolayers or they were plated as single cells. Single or subconfluent ECs placed on matrices of varying 
stiffness show much more intense differences in their morphology, cytoskeletal architecture and mechanics as 
compared to cells placed in confluency and studies have shown that cell confluency can even override the effect 
of matrix stiffness5,20,62. In this study we chose to examine ECs in confluency, as this scenario is more physiolog-
ically relevant (i.e. ECs are not found in vivo as single cells, but in a healthy endothelium cells are confluent and 
non-proliferating).

We discovered that both confluent HUVEC and HMEC-1 exert higher traction forces when residing on stiff as 
compared to soft substrates but this change in mechanical behavior does not originate from differential regulation 
of gene expression. It is likely that post-transcriptional regulation might control ECM stiffness-sensitive responses 
of ECs63. In accordance with this argument and past studies, we found that the phosphorylation level or the con-
formation of key mechanosensitive proteins is differentially regulated depending on subendothelial stiffness28–30. 
It could also be that the changes in traction forces arise due to changes not in the amount of genes expressed but 
rather on the localization of the corresponding proteins. In the past we discovered increased amounts of surface 
vimentin for HMEC-1 on stiffer matrices, while the total amount of vimentin remained the same between condi-
tions32. Similarly, herein we found increased actin stress fiber formation for HUVEC on stiff versus soft matrices 
although no changes in the expression of the ACTB gene were detected (Fig. 6a,c). Finally, miRNAs, that typically 
do not affect gene expression but rather the translation and stability of mRNAs64,65, rather than mRNA or lncRNA 
can play a critical role in EC mechanosensing and mechanotransduction16,17. These mechanosensitive miRNAs 
can even contribute in arterial stiffening, fibrosis and hypertension16,66, however we did not assess miRNA expres-
sion in this study.

An important conclusion of our study is that, unlike primary HUVEC that exhibit 24 stiffness-sensitive DEGs 
when grown on stiff versus soft matrices, HMEC-1 cells express fewer DEGs, appearing stiffness-insensitive in 
a transcriptomic level. However, when comparing HUVEC to HMEC-1 irrespective of substrate stiffness gene 
expression differences are dramatic (Fig. 2). Through functional analysis of DEGs, we found that multiple path-
ways related to proliferation and cell cycle regulation are upregulated for HMEC-1, whereas HUVEC show upreg-
ulation of many more pathways related to endothelial functions67. This behavior of HMEC-1 might arise from 
their immortalized nature since immortalized human EC lines demonstrate significant differences in their abil-
ity to respond to cytokines compared to primary ECs21,68. Whether the differences of primary HUVEC versus 
HMEC-1 are caused by immortalization procedures of the latter or just reflect heterogeneity of ECs arising from 
different vascular beds could be the focus of future studies.

From the 24 stiffness-sensitive DEGs identified for HUVEC, we decided to focus our attention on TGF-β2 
cytokine for several reasons: (1) It has been shown to be mechanosensitive. It is secreted in a latent form on the 
ECM and can switch into an active conformation by mechanical force applied by the cells onto their matrix on 
which it is embedded. That allows active TGF-β2 to bind to TGF-β receptors eliciting a cascade of events crucial 
for EC homeostasis40–42 but which also when unregulated can contribute to the development of fibrosis, cardi-
ovascular disease, or may be usurped during tumor growth59; (2) TGF-β2 is also implicated in ECM protein 

Figure 6. HUVEC but not HMEC-1 treated with recombinant TGF-β2 show a significant elevation in their 
traction stresses on both stiff and soft matrices. Boxplots of the strain energy imparted by confluent EC 
monolayers calculated during different instants of time and for multiple fields of view (N = 200). Boxplots refer 
to HUVEC or HMEC-1 residing on soft 3 kPa (blue) or stiff 35 kPa matrices (red) treated with vehicle control 
or 1 ng/mL TGF-β2 for 24 h prior to imaging. Each boxplot is normalized with respect to the mean value of 
the vehicle control case. Two asterisks denote statistically significant differences between the medians of two 
distributions (p < 0.01; Wilcoxon rank sum test).
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Figure 7. F-actin and pMLC increase for HUVEC monolayers exposed to TGF-β2. (a–d) Representative 
images depicting the phase image of cells (first column), F-actin fluorescence (second column), anti-pMLC 
antibody fluorescence (third column) and the image of the nuclei (fourth column) for HUVEC residing on soft 
3 kPa matrices and treated with vehicle control (a) or 1 ng/mL TGF-β2 for 24 h (b) or HUVEC residing on stiff 
70 kPa matrices and treated with vehicle control (c) or 1 ng/mL TGF-β2 for 24 h (d). Scale bar is 50 μm. (e,f) 
Boxplots showing the integral of the F-actin fluorescence intensity (e) or pMLC (f) over different fields of view 
(N = 10) for HUVEC residing on soft 3 kPa matrices (blue) and treated with vehicle control or 1 ng/mL TGF-
β2 for 24 h and for HUVEC residing on stiff (red) 70 kPa matrices and treated with vehicle control or 1 ng/mL 
TGF-β2 for 24 h. N = 400–500 cells were analyzed for each condition. One or two asterisks denote statistically 
significant differences between the medians of two distributions (<0.05 or <0.01 respectively; Wilcoxon rank 
sum test). (g,h) Same as panels e-f but for HMEC-1 cells.
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production that is thought to lead to tissue remodeling and fibrosis characterized by ECM stiffening69. Indeed a 
lot of the DEGs we identified to be upregulated on stiff matrices are ECM proteins38,39; (3) Previous literature sug-
gests direct or indirect relationship with TGF-β2 for most of the identified DEGs38,44–52,54,55; (4) Recently TGF-β2 
was shown to be downregulated in lymphatic ECs seeded on soft as opposed to stiff matrices70.

Indeed, we showed that addition of recombinant TGF-β2 increases endogenous TGF-β2 more for cells resid-
ing on stiff and to a lesser degree for cells residing on soft matrices. Together with the observation that traction 
stresses for HUVEC on stiff matrices are higher than on soft, this result might be suggestive of the cells being able 
to mechanically activate more easily the latent TGF-β2 on stiff matrices which then leads to more endogenous 
TGF-β2 expression compared to soft matrices. We also discovered that upon addition of recombinant TGF-β2 
most of the DEGs identified to be up- or down- regulated on stiff as compared to soft matrices followed similar 
trends, suggestive of these genes being downstream of TGF-β2. The only genes that followed the opposite trend 
were STC1, LAMB3, SMOC and ADAMTLS which showed decreased expression compared to cells treated with 
vehicle control irrespective of substrate stiffness. We speculate that this result might be due to the high potentially 
non-physiological amount of added TGF-β2 or to the fact that these genes are just not regulated via TGF-β2. For 
instance, increased STC1 levels have shown to decrease TGF-β2 expression and reduce fibrotic effects resulting 
from it71.

We hypothesized that if the increase in traction stresses that HUVEC exert on stiff matrices is partially due to 
enhanced TGF-β2 expression, then addition of recombinant TGF-β2 that enhances endogenous TGF-β2 expres-
sion should lead to an increase in the traction stresses that HUVEC exert. Indeed, upon addition of recombinant 
TGF-β2 we found a 2-fold and 3-fold increase in the strain energy that HUVEC exert on soft and on stiff matrices 
respectively. Activation of extracellular TGF-β from its latent state to an active state can happen via cells mechan-
ical pulling the latent complex via their integrin based focal adhesions59. Matrix elasticity might also play a role in 
TGF-β activation, as shown for myofibroblasts72. However, it is not conclusive whether increased matrix stiffness 
allows cells to grab stronger thereby mechanically activating TGF-β2 and leading to subsequent enhancement 
in production of TGF-β2. Our findings are suggestive of such a mechanism because addition of recombinant 
TGF-β2 leads to further increase in endogenous TGF-β2 for cells residing on stiff as opposed to soft matrices. 
Consistent with this idea, when we measure the traction force increase that HUVEC produce on their matrix 
upon addition of recombinant TGF-β2 we measure a 3-fold increase in strain energy, as opposed to a 2-fold 
increase on softer matrices.

TGF-β2 has been previously implicated in modulating cellular contractility for certain cell types73,74. In these 
studies, active TGF-β2 by binding to TGF-β receptors elicits a cascade of downstream signaling either through the 
canonical Smad-dependent pathway or through non-canonical pathways in which MAPK and ROCK/RhoA are 
involved inducing increased actin polymerization and/or actomyosin contractility58,74. Our immunofluorescence 
imaging of HUVEC treated with recombinant TGF-β2 are consistent with the idea that activation of TGF-β2 in 
HUVEC, signals most probably through the non-canonical RhoA/ROCK pathway leading to increased acto-
myosin contractility and elevated cell-ECM traction stresses. In turn that appears to lead to further activation 
of TGF-β2, synthesis of additional ECM molecules and expression of more TGF-β2. Unlike HUVEC, HMEC-1 
do not respond mechanically to addition of TGF-β2, a discrepancy which is consistent with TGF-β2 not being 
a stiffness-sensitive DEG for HMEC-1. Different EC types are well known to exhibit local morphological and 
functional specializations and distinct gene expression profiles depending on the tissue they originate from75 and 
can therefore respond differently to cytokines including TGF-β276. Which EC types are sensitive to TGF-β2 and 
how much that depends on the anatomical location they come from or their local microenvironment, including 
its mechanics, could be the focus of future studies.

Materials and Methods
Fabrication of polyacrylamide hydrogels on multi-well plates. Polyacrylamide hydrogel fabrication 
was done as previously described77. Glass-bottom plates with 24 wells (MatTek; P24G-1.5-13-F) were incubated 
for 1 h with 500 μL of 1 M NaOH, then rinsed with distilled water, and incubated with 500 μL of 2% 3-amino-
propyltriethoxysilane (Sigma; 919-30-2) in 95% ethanol for 5 min. Following rinsing with water 500 μL of 0.5% 
glutaraldehyde were added to each well for 30 min. Wells were rinsed with water again and dried at 60 °C. To 
prepare polyacrylamide hydrogels of varying stiffness, mixtures containing 3–10% acrylamide (Sigma; A4058) 
and 0.06–0.6% bis-acrylamide (Fisher; BP1404–250) were prepared. Specifically, 3 kPa hydrogels contained 5% 
acrylamide and 0.1% bis-acrylamide, 35 kPa hydrogels contained 8% acrylamide and 0.26% bis-acrylamide, and 
70-kPa hydrogels contained 10% acrylamide and 0.6% bis-acrylamide77. For all experiments described herein 
we chose 3 kPa stiffness for our “SOFT” ECM condition, since it is the lowest stiffness where we can still attain 
confluent monolayers. Below 3 kPa neither cell type (HUVEC or HMEC-1) consistently forms monolayers and 
cells often cluster or form vessel like structures with gaps as previously shown26,27. For all experiments other than 
TFM, we used 70 kPa for our “STIFF” ECM condition given that this stiffness lies on the upper range of what 
can be encountered in vivo22–24. However, when we performed TFM on cells at 70 kPa the gels were too stiff to 
enable cells to deform them so that we could consistently capture displacements of the beads (embedded into the 
hydrogels on which cells are seeded). We therefore used only for TFM 35 kPa hydrogels as “STIFF” matrices since 
this is the highest stiffness on which cells are still able to consistently deform the hydrogels. For each stiffness, two 
mixtures were prepared, the second of which contained 0.03% 0.1 μm–diameter fluorescent beads (Invitrogen, 
F8803) for TFM experiments.

0.06% APS and 0.43% TEMED were added to the solutions to initiate polymerization. First, 3.6 µL of the first 
mixture without the beads was added at the center of each well, capped with 12-mm untreated circular glass 
coverslips, and allowed to polymerize for 20 min. Then 2.4 µL of the mixture containing tracer beads was added, 
sandwiched again with a 12-mm untreated circular glass coverslip and allowed to polymerize for 20 min. Next, 
50 mM HEPES at pH 7.5 was added to the wells, and coverslips were removed. Hydrogels were UV-sterilized for 
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1 h and then activated by adding 200 µL of 0.5% weight/volume heterobifunctional cross-linker Sulfo-SANPAH 
(ProteoChem; c1111) in 1% dimethyl sulfoxide (DMSO) and 50 mM HEPES, pH 7.5, on the upper surface of the 
hydrogels and exposing them to UV light for 10 min. Hydrogels were washed with 50 mM HEPES at pH 7.5 and 
were coated with 200 µL of 0.25 mg/ml rat tail collagen I (Sigma-Aldrich; C3867) in 50 mM HEPES at pH 7.5 
overnight at room temperature. Note that for all assays other than TFM, stiff gels were 70 kPa. For TFM only stiff 
gels were 35 kPa because that was determined to be empirically the limit of the ECs being able to still deform their 
matrix. On 70 kPa hydrogels we were unable to detect any matrix deformations (data not shown).

Atomic force microscopy (AFM) for determination of hydrogel stiffness. AFM force-distance 
measurements were performed on polyacrylamide hydrogel samples immersed in 50 mM HEPES pH 7.5 buffer 
with a Park NX-10 AFM (Park Systems, Santa Clara, CA) using silicon nitride cantilevers CP-PNP-SiO with a 
sphere tip (sQube, 0.08 N/m stiffness, sphere radius ~1 μm) and gold coating on the reflective side. Temperature 
was 37 °C throughout the experiment. Tip calibration curves were performed on a glass surface considered to be 
infinitely hard for the soft tips used and two approach-withdraw cycles were performed. The XEI (Park Systems, 
Santa Clara, CA) and SPIP softwares (Image Metrology, Hørsholm, Denmark) were used for data analysis of the 
FD curves and for calculation of the gel stiffness.

Cell culture conditions. HMEC-1 (generous gift from the Welch lab, University of California, Berkeley) 
were cultured in MCDB 131 medium (Fisher Scientific; 10372–019) supplemented with 10% FBS (GemBio; 900-
108), 10 ng/mL epidermal growth factor (Sigma; E9644), 1 μg/mL hydrocortisone (Sigma; H0888), and 2 mM 
l-glutamine (Sigma; 56-85-9). HUVEC (Lonza C2517A) were cultured according to the manufacturer’s instruc-
tions (EGM Bullet Kit-2, Lonza CC-3162). Passages used were between P4–P8.

Traction force microscopy. TFM assays were performed as previously described25,78,79. Two layered poly-
acrylamide hydrogels were manufactured as described above. After hydrogel equilibration with cell media for 
30 min at 37 °C, cells were seeded to a concentration of 2 × 105 cells per well directly onto the hydrogels 24 h prior 
to imaging. Multi-channel time-lapse sequences of fluorescence (to image the beads within the upper portion of 
the hydrogels) and phase contrast images (to image the cells) were acquired using an inverted Nikon Diaphot 200 
with a CCD camera (Andor Technologies) using a 40X Plan Fluor NA 0.60 objective and the MicroManager 
software package (Open Imaging). The microscope was surrounded by a cage incubator (Haison) maintained at 
37 °C and 5% CO2. Images were acquired every 10 min for approximately 8 h. Subsequently, at each time interval 
we measured the 2D deformation of the substrate at each point using an image correlation technique similar to 
particle image velocimetry. We calculated the local deformation vector by performing image correlation between 
each image and an undeformed reference image which we acquired by adding 10% SDS at the end of each record-
ing to detach the cells from the hydrogels. We used interrogation windows of 32 × 8 pixels (window size x window 
overlap). We calculated the two-dimensional traction stresses that cell monolayers exert to the hydrogel as 
described elsewhere78,80. We calculated the strain energy (Us) as the mechanical work imparted by the cell to 
deform its hydrogel: ∫ τ= → = ⋅ → =U z h u z h ds( ) ( )s s

1
2

, where →u  is the measured displacement vector field on the 
free surface of the hydrogel and ∫ ds

s
 represents a surface integral.

Antibodies and reagents. Hoechst (Thermofisher; D1306) was dissolved at 1 mg/ml in DMSO and used 
at 1:1000 to stain nuclei. Recombinant TGF-β2 (Sigma; T2815) was dissolved in water containing 0.1% BSA at 
stock concentration 50 μg/mL, stored at −80 °C and was added to cells for 24 h at either 1 ng/mL or 10 ng/mL. 
Primary antibody used for staining of pMLC (Cell Signaling; 3674S) was rabbit polyclonal phospho-Myosin Light 
Chain 2 (Thr18/Ser19) antibody. For actin staining 0.2 µM AlexaFluor488 phalloidin (Thermo Fisher; A12379) 
was used. For western blot analysis, active form of integrin β1 (Millipore; MAB2079), integrin β1 (Millipore; 
MAB2053), phospho-Tyr-397 FAK (Invitrogen; PA5-17084), FAK (Santa Cruz; sc158), phospho-Vav2 (Santa 
Cruz; sc16409R), Vav2 (Abcam; AB86699), phospho-ERK (Cell Signaling; 9109S), ERK2 (Santa Cruz; sc154-G), 
phospho-p70S6K (Cell Signaling; 9205S), p70S6K (Cell Signaling; 9202) and GAPDH (Santa Cruz; sc20538) were 
used.

Western blotting for HUVEC or HMEC-1 lysates coming from cells in monolayers residing on 
different ECM stiffness substrates. To assess phosphorylation and expression levels of different mech-
anosensitive proteins28, cells were seeded at a concentration of 2 × 105 cells/well (24-well plates) on soft 3 kPa or 
stiff 70 kPa hydrogels for 24 h, and then lysed with a buffer containing 1% Nonidet P-40, 0.5% sodium deoxycho-
late, and a protease inhibitor mixture (phenylmethylsulfonyl fluoride [PMSF], leupeptin, aprotinin, and sodium 
orthovanadate). The total cell lysate was separated by SDS–PAGE (10% running, 4% stacking) and transferred 
onto a nitrocellulose membrane (Immobilon P, 0.45-μm pore size). The membrane was then incubated with the 
designated antibodies. Immunodetection was performed using the Western-Light chemiluminescent detection 
system (Applied Biosystems).

RNA isolation and RNA sequencing. Sample preparation. 4th passage HUVEC and HMEC-1 cells were 
placed at a concentration of 2 × 105 cells/well on soft 3 kPa hydrogels or stiff 70 kPa hydrogels (N = 6 replicates 
for each condition) built on wells of a 24-multi well plate. Cells residing for 24 h on these gels were then harvested 
and lyzed using the QIAshredder Kit (Qiagen; 79656). mRNA was harvested using the RNeasy Plus Micro Kit 
(Qiagen; 74004) and eluted in 30 μL RNAase free water. RNA concentrations were measured using the nanodrop 
machine and were comparable between conditions. RNA quality and quantity were confirmed via bioanalyzer 
analysis performed by the Stanford Protein and Nucleic Acid (PAN) Facility.
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Library preparation and RNA sequencing. RNA libraries were prepared by the Stanford Functional Genomics 
Facility using the KAPA stranded RNA-seq kit with RiboErase (Kit code KK8483, Roche Cat. # 07962282001), 
for a fragment length of 200–300 bp. Sequencing was run on the Illumina NextSeq. 500 System using the 
High-Output Kit with 2 × 75 read length. We had an average of 30 million reads per sample. We used 2 lanes 
with 12 samples each ensuring that from each condition 3 replicates go to lane A and the other 3 to lane B (total 
number of replicates N = 6).

Transcriptome assembly and differentially expressed gene identification. Sequencing reads 
were obtained in Fastq format and evaluated using FastQC v0.11.5 according to the directions on the following 
website: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/. For sequence alignment we used HISAT2 
(https://ccb.jhu.edu/software/hisat2/index.shtml) and reads were mapped to reference genome grch38 to gener-
ate.bam files. Python script HTSEQ was then used to generate counts per read (https://htseq.readthedocs.io/en/
release_0.11.1/count.html). Both HISAT2 and HTSEQ were run from the command line. For differential gene 
expression analysis, we used Deseq2R package (Bioconductor version: Release 3.8, https://bioconductor.org/
packages/release/bioc/html/DESeq2.html). The thresholds that we used for identifying DEGS were: (1) DESeq. 2 
mean normalized counts >10; (2) padj-value < 0.05; and (3) lof2foldchange >034.

Hierarchical clustering, PCA and gene set analysis. The R package Bioconductor 3.8 and imported 
the libraries genefilter and RcolorBrewer to perform hierarchical clustering dendrograms based on the Euclidean 
distance of the sample and on the 200 top variance genes. Principal Component Analysis (PCA) was per-
formed using the plotPCA function in R. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and 
Gene Ontology (GO) term analyses of the whole data set of DEG were performed using the R package GAGE 
“Generally Acceptable Gene set Enrichment” (GAGE v.2.22.0) package implemented in R. Briefly, default param-
eter settings were used for comparisons of log-scaled gene set expression (i.e. enrichment) data between differ-
ent time points (q-value < 0.01). Gene sets were defined using annotations obtained from GAGE v2.22.0, go.db 
v3.2.2, and kegg.db v3.2.2. The R package “Pathview” v.1.12.0 and KEGGGraph v1.30.0 were used to visualize 
gene set expression data in the context of functional pathways.

RT-qPCR. 4th passage HUVEC were placed at a concentration of 2 × 105 cells/well on soft 3 kPa hydrogels or 
stiff 70 kPa polyacrylamide hydrogels (N = 3 replicates for each condition) built on wells of a 24-multi-well plate. 
Cells residing for 24 h on these gels were treated either with vehicle control or recombinant TGF-β2 for 24 h, with-
out the cells being previously starved. Cells were then harvested and lyzed using the QIAshredder Kit (Qiagen; 
79656). mRNA was harvested using the RNeasy Plus Micro Kit (Qiagen; 74004) and eluted in 30 μL RNAase free 
water. RNA concentrations were measured using the nanodrop machine and were comparable between condi-
tions. cDNA was prepared using the Superscript III First-strand Synthesis SuperMix (Invitrogen; 18080085). 
RT-qPCR was performed using the SYBR qPCR Master mix by Arraystar Inc. Genes of interest were amplified 
using primers indicated in Supplementary Table S9. Briefly the steps followed were: (1) Performance of RT-qPCR 
for each target gene and the housekeeping gene GAPDH; (2) According to the standard curve, the gene concen-
tration of each sample is generated directly by Rotor-Gene Real-Time Analysis Software 6.0; (3) For each sample, 
the relative amount of the target gene is determined by calculating the ratio between the concentration of the 
target gene and that of GAPDH.

Immunostaining. HMEC-1 and HUVEC cells residing on soft 3 kPa hydrogels or stiff 70 kPa polyacryla-
mide hydrogels were incubated for 24 h with 1 ng/mL TGF-β2 without the cells being previously starved. Prior to 
fixation 1 μg/mL Hoechst (Thermofisher; D1306) was added in each well to stain the cells’ nuclei for 10 min. Cells 
were washed once with PBS and fixed with 4% formaldehyde of EM grade in PBS for 10 min. Following a wash 
with PBS, samples were permeabilized for 5 min in 0.2% Triton X-100 in PBS and then washed again with PBS. 
Samples were then blocked for 30 min with 5% BSA in PBS and then incubated with anti-pMLC primary antibody 
(Cell Signaling; 3674S) diluted 1:100 in PBS containing 2% BSA for 1 h. Samples were washed in PBS three times 
and then incubated with Alexa Fluor 546 goat anti-rabbit IgG secondary antibody (Invitrogen A-11035) diluted 
1:250 in PBS containing 2% BSA for 1 h and 0.2 µM AlexaFluor488 phalloidin. Samples were washed three times 
in PBS and stored in 1 mL PBS for imaging. N > 500 cells were analyzed per condition. For imaging, we used 
an inverted Nikon Diaphot 200 with a charge-coupled device (CCD) camera (Andor Technologies) and a 60× 
air Plan Fluor NA 0.60 or a 100× oil objective. The microscope was controlled by the MicroManager software 
package.

Data availability
The RNA sequencing data (FASTq files) generated during this study and subsequent analysis have been submitted 
to the Gene Expression Omnibus (GEO) database. These data are available at: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE135123 and the series record that provides access to all of the data is GSE135123. All the 
differential expression analysis results of this study are included as supplementary tables in this article.

Received: 31 July 2019; Accepted: 1 November 2019;
Published: xx xx xxxx

References
 1. Kohn, J. C., Lampi, M. C. & Reinhart-King, C. A. Age-related vascular stiffening: causes and consequences. Frontiers in Genetics 6, 

112, https://doi.org/10.3389/fgene.2015.00112 (2015).
 2. Liao, D. et al. Arterial Stiffness and the Development of Hypertension. Hypertension 34, 201–206, https://doi.org/10.1161/01.

HYP.34.2.201 (1999).

https://doi.org/10.1038/s41598-019-54336-2
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://ccb.jhu.edu/software/hisat2/index.shtml
https://htseq.readthedocs.io/en/release_0.11.1/count.html
https://htseq.readthedocs.io/en/release_0.11.1/count.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135123
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135123
https://doi.org/10.3389/fgene.2015.00112
https://doi.org/10.1161/01.HYP.34.2.201
https://doi.org/10.1161/01.HYP.34.2.201


1 4Scientific RepoRtS |         (2019) 9:18209  | https://doi.org/10.1038/s41598-019-54336-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 3. Birukova, A. A. et al. Endothelial barrier disruption and recovery is controlled by substrate stiffness. Microvascular research 87, 
50–57, https://doi.org/10.1016/j.mvr.2012.12.006 (2013).

 4. Byfield, F. J., Reen, R. K., Shentu, T. P., Levitan, I. & Gooch, K. J. Endothelial actin and cell stiffness is modulated by substrate stiffness 
in 2D and 3D. J Biomech 42, 1114–1119 (2009).

 5. LaValley, D. J. et al. Matrix Stiffness Enhances VEGFR-2 Internalization, Signaling, and Proliferation in Endothelial Cells. Converg 
Sci Phys Oncol 3, https://doi.org/10.1088/2057-1739/aa9263 (2017).

 6. Ingram, D. A. et al. Identification of a novel hierarchy of endothelial progenitor cells using human peripheral and umbilical cord 
blood. Blood 104, 2752–2760, https://doi.org/10.1182/blood-2004-04-1396 (2004).

 7. Aird, W. C. Endothelial Cell Heterogeneity. Cold Spring Harbor Perspectives in Medicine 2 (2012).
 8. Aird, W. C. Phenotypic heterogeneity of the endothelium: I. Structure, function, and mechanisms. Circ Res 100, 158–173, https://

doi.org/10.1161/01.RES.0000255691.76142.4a (2007).
 9. Ye, M. et al. Brain microvascular endothelial cells resist elongation due to curvature and shear stress. Scientific Reports 4, 4681, 

https://doi.org/10.1038/srep04681 (2014).
 10. Ostrowski, M. A. et al. Microvascular Endothelial Cells Migrate Upstream and Align Against the Shear Stress Field Created by 

Impinging Flow. Biophysical Journal 106, 366–374, https://doi.org/10.1016/j.bpj.2013.11.4502 (2014).
 11. Craig, L. E., Spelman, J. P., Strandberg, J. D. & Zink, M. C. Endothelial Cells from Diverse Tissues Exhibit Differences in Growth and 

Morphology. Microvascular Research 55, 65–76, https://doi.org/10.1006/mvre.1997.2045 (1998).
 12. Darnell, M., Gu, L. & Mooney, D. RNA-seq reveals diverse effects of substrate stiffness on mesenchymal stem cells. Biomaterials 181, 

182–188, https://doi.org/10.1016/j.biomaterials.2018.07.039 (2018).
 13. Yu, C. K., Xu, T., Assoian, R. K. & Rader, D. J. Mining the Stiffness-Sensitive Transcriptome in Human Vascular Smooth Muscle Cells 

Identifies Long Noncoding RNA Stiffness Regulators. Arteriosclerosis, thrombosis, and vascular biology 38, 164–173, https://doi.
org/10.1161/ATVBAHA.117.310237 (2018).

 14. Xia, T. et al. Gene expression profiling of human hepatocytes grown on differing substrate stiffness. Biotechnol Lett 40, 809–818, 
https://doi.org/10.1007/s10529-018-2536-1 (2018).

 15. Bertero, T. et al. Vascular stiffness mechanoactivates YAP/TAZ-dependent glutaminolysis to drive pulmonary hypertension. J Clin 
Invest 126, 3313–3335, https://doi.org/10.1172/jci86387 (2016).

 16. Bertero, T. et al. Matrix Remodeling Promotes Pulmonary Hypertension through Feedback Mechanoactivation of the YAP/TAZ-
miR-130/301 Circuit. Cell Rep 13, 1016–1032, https://doi.org/10.1016/j.celrep.2015.09.049 (2015).

 17. Bertero, T., Handen, A. L. & Chan, S. Y. Factors Associated with Heritable Pulmonary Arterial Hypertension Exert Convergent 
Actions on the miR-130/301-Vascular Matrix Feedback Loop. Int J Mol Sci 19, https://doi.org/10.3390/ijms19082289 (2018).

 18. Hur, S. S. et al. Roles of cell confluency and fluid shear in 3-dimensional intracellular forces in endothelial cells. Proc Natl Acad Sci 
USA 109, 11110–11115, https://doi.org/10.1073/pnas.1207326109 (2012).

 19. Tambe, D. T. et al. Collective cell guidance by cooperative intercellular forces. Nat Mater 10, 469–475, https://doi.org/10.1038/
nmat3025 (2011).

 20. Venugopal, B., Mogha, P., Dhawan, J. & Majumder, A. Cell density overrides the effect of substrate stiffness on human mesenchymal 
stem cells’ morphology and proliferation. Biomater Sci 6, 1109–1119, https://doi.org/10.1039/c7bm00853h (2018).

 21. Ades, E. W. et al. HMEC-1: Establishment of an Immortalized Human Microvascular Endothelial Cell Line. Journal of Investigative 
Dermatology 99, 683–690, https://doi.org/10.1111/1523-1747.ep12613748 (1992).

 22. Stroka, K. M. & Aranda-Espinoza, H. Endothelial cell substrate stiffness influences neutrophil transmigration via myosin light chain 
kinase-dependent cell contraction. Blood 118, 1632 (2011).

 23. Peloquin, J., Huynh, J., Williams, R. M. & Reinhart-King, C. A. Indentation measurements of the subendothelial matrix in bovine 
carotid arteries. J Biomech 44, 815–821, https://doi.org/10.1016/j.jbiomech.2010.12.018 (2011).

 24. Wood, J. A., Liliensiek, S. J., Russell, P., Nealey, P. F. & Murphy, C. J. Biophysical Cueing and Vascular Endothelial Cell Behavior. 
Materials 3, https://doi.org/10.3390/ma3031620 (2010).

 25. del Álamo, J. C. et al. Spatio-temporal analysis of eukaryotic cell motility by improved force cytometry. Proc. Nat. Acad. Sci. 104, 
13343–13348, https://doi.org/10.1073/pnas.0705815104 (2007).

 26. Onken, M. D. et al. Endothelial Monolayers and Transendothelial Migration Depend on Mechanical Properties of the Substrate. 
Cytoskeleton (Hoboken, N.J.) 71, 695–706, https://doi.org/10.1002/cm.21203 (2014).

 27. Califano, J. & Reinhart-King, C. A Balance of Substrate Mechanics and Matrix Chemistry Regulates Endothelial Cell Network 
Assembly. Cel. Mol. Bioeng. 1, 122–132, https://doi.org/10.1007/s12195-008-0022-x (2008).

 28. Yeh, Y. T. et al. Matrix stiffness regulates endothelial cell proliferation through septin 9. PLoS One 7, e46889, https://doi.org/10.1371/
journal.pone.0046889 (2012).

 29. LaValley, D. J. et al. Matrixs tiffness enhances VEGFR-2 internalization, signaling, and proliferation in endothelial cells. Convergent 
Science Physical Oncology 3, 044001 (2017).

 30. Yeh, Y.-C., Ling, J.-Y., Chen, W.-C., Lin, H.-H. & Tang, M.-J. Mechanotransduction of matrix stiffness in regulation of focal adhesion 
size and number: reciprocal regulation of caveolin-1 and β1 integrin. Scientific reports 7, 15008–15008, https://doi.org/10.1038/
s41598-017-14932-6 (2017).

 31. Xiang, X., Zhao, J., Xu, G., Li, Y. & Zhang, W. mTOR and the differentiation of mesenchymal stem cells. Acta Biochim Biophys Sin 
(Shanghai) 43, 501–510, https://doi.org/10.1093/abbs/gmr041 (2011).

 32. Bastounis, E. E., Yeh, Y.-T. & Theriot, J. A. Matrix stiffness modulates infection of endothelial cells by Listeria monocytogenes via 
expression of cell surface vimentin. Molecular Biology of the Cell 29, 1571–1589, https://doi.org/10.1091/mbc.E18-04-0228 (2018).

 33. Harrow, J. et al. GENCODE: the reference human genome annotation for The ENCODE Project. Genome research 22, 1760–1774, 
https://doi.org/10.1101/gr.135350.111 (2012).

 34. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq. 2. Genome 
biology 15, 550–550, https://doi.org/10.1186/s13059-014-0550-8 (2014).

 35. Luo, W., Friedman, M. S., Shedden, K., Hankenson, K. D. & Woolf, P. J. GAGE: generally applicable gene set enrichment for pathway 
analysis. BMC Bioinformatics 10, 161, https://doi.org/10.1186/1471-2105-10-161 (2009).

 36. Chawengsub, Y., Gauthier, K. M. & Campbell, W. B. Role of arachidonic acid lipoxygenase metabolites in the regulation of vascular 
tone. American journal of physiology. Heart and circulatory physiology 297, H495–H507, https://doi.org/10.1152/ajpheart.00349.2009 
(2009).

 37. Yamamoto, K. & Ando, J. Blood flow sensing mechanism via calcium signaling in vascular endothelium. Yakugaku Zasshi 130, 
1407–1411 (2010).

 38. Li, B. et al. TGF-β2-induced ANGPTL4 expression promotes tumor progression and osteoclast differentiation in giant cell tumor of 
bone. Oncotarget 8, 54966–54977, https://doi.org/10.18632/oncotarget.18629 (2017).

 39. Awwad, K. et al. Role of secreted modular calcium-binding protein 1 (SMOC1) in transforming growth factor beta signalling and 
angiogenesis. Cardiovasc Res 106, 284–294, https://doi.org/10.1093/cvr/cvv098 (2015).

 40. Zode, G. S. et al. Transforming growth factor-beta2 increases extracellular matrix proteins in optic nerve head cells via activation of 
the Smad signaling pathway. Mol Vis 17, 1745–1758 (2011).

 41. Wang, J., Fan, T.-J., Yang, X.-X. & Chang, S.-M. Transforming growth factor-β2 induces morphological alteration of human corneal 
endothelial cells in vitro. International journal of ophthalmology 7, 759–763, https://doi.org/10.3980/j.issn.2222-3959.2014.05.03 
(2014).

https://doi.org/10.1038/s41598-019-54336-2
https://doi.org/10.1016/j.mvr.2012.12.006
https://doi.org/10.1088/2057-1739/aa9263
https://doi.org/10.1182/blood-2004-04-1396
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1038/srep04681
https://doi.org/10.1016/j.bpj.2013.11.4502
https://doi.org/10.1006/mvre.1997.2045
https://doi.org/10.1016/j.biomaterials.2018.07.039
https://doi.org/10.1161/ATVBAHA.117.310237
https://doi.org/10.1161/ATVBAHA.117.310237
https://doi.org/10.1007/s10529-018-2536-1
https://doi.org/10.1172/jci86387
https://doi.org/10.1016/j.celrep.2015.09.049
https://doi.org/10.3390/ijms19082289
https://doi.org/10.1073/pnas.1207326109
https://doi.org/10.1038/nmat3025
https://doi.org/10.1038/nmat3025
https://doi.org/10.1039/c7bm00853h
https://doi.org/10.1111/1523-1747.ep12613748
https://doi.org/10.1016/j.jbiomech.2010.12.018
https://doi.org/10.3390/ma3031620
https://doi.org/10.1073/pnas.0705815104
https://doi.org/10.1002/cm.21203
https://doi.org/10.1007/s12195-008-0022-x
https://doi.org/10.1371/journal.pone.0046889
https://doi.org/10.1371/journal.pone.0046889
https://doi.org/10.1038/s41598-017-14932-6
https://doi.org/10.1038/s41598-017-14932-6
https://doi.org/10.1093/abbs/gmr041
https://doi.org/10.1091/mbc.E18-04-0228
https://doi.org/10.1101/gr.135350.111
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/1471-2105-10-161
https://doi.org/10.1152/ajpheart.00349.2009
https://doi.org/10.18632/oncotarget.18629
https://doi.org/10.1093/cvr/cvv098
https://doi.org/10.3980/j.issn.2222-3959.2014.05.03


1 5Scientific RepoRtS |         (2019) 9:18209  | https://doi.org/10.1038/s41598-019-54336-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 42. van Meeteren, L. A. & ten Dijke, P. Regulation of endothelial cell plasticity by TGF-β. Cell and tissue research 347, 177–186, https://
doi.org/10.1007/s00441-011-1222-6 (2012).

 43. Robertson, I. B. et al. Latent TGF-β-binding proteins. Matrix Biology 47, 44–53, https://doi.org/10.1016/j.matbio.2015.05.005 
(2015).

 44. Hernandez, H., Medina-Ortiz, W. E., Luan, T., Clark, A. F. & McDowell, C. M. Crosstalk Between Transforming Growth Factor 
Beta-2 and Toll-Like Receptor 4 in the Trabecular Meshwork. Invest Ophthalmol Vis Sci 58, 1811–1823, https://doi.org/10.1167/
iovs.16-21331 (2017).

 45. Derynck, R., Muthusamy, B. P. & Saeteurn, K. Y. Signaling pathway cooperation in TGF-β-induced epithelial-mesenchymal 
transition. Current opinion in cell biology 31, 56–66, https://doi.org/10.1016/j.ceb.2014.09.001 (2014).

 46. Mody, A. A., Wordinger, R. J. & Clark, A. F. Role of ID Proteins in BMP4 Inhibition of Profibrotic Effects of TGF-β2 in Human TM 
Cells. Investigative ophthalmology & visual science 58, 849–859, https://doi.org/10.1167/iovs.16-20472 (2017).

 47. Martínez-Armenta, M. et al. TGFβ2 regulates hypothalamic Trh expression through the TGFβ inducible early gene-1 (TIEG1) 
during fetal development. Molecular and cellular endocrinology 400, 129–139, https://doi.org/10.1016/j.mce.2014.10.021 (2015).

 48. Hitchon, C. et al. Hypoxia-induced production of stromal cell–derived factor 1 (CXCL12) and vascular endothelial growth factor by 
synovial fibroblasts. Arthritis & Rheumatism 46, 2587–2597, https://doi.org/10.1002/art.10520 (2002).

 49. Liu, B., Sun, X., Suyeoka, G., Garcia, J. G. N. & Leiderman, Y. I. TGFβ signaling induces expression of Gadd45b in retinal ganglion 
cells. Investigative ophthalmology & visual science 54, 1061–1069, https://doi.org/10.1167/iovs.12-10142 (2013).

 50. Yoo, J. et al. Transforming Growth Factor-β-induced Apoptosis Is Mediated by Smad-dependent Expression of GADD45b through 
p38 Activation. Journal of Biological Chemistry 278, 43001–43007 (2003).

 51. Ranganathan, P. et al. Expression profiling of genes regulated by TGF-beta: differential regulation in normal and tumour cells. BMC 
genomics 8, 98–98, https://doi.org/10.1186/1471-2164-8-98 (2007).

 52. Budi, E. H., Muthusamy, B.-P. & Derynck, R. The insulin response integrates increased TGF-β signaling through Akt-induced 
enhancement of cell surface delivery of TGF-β receptors. Science signaling 8, ra96–ra96, https://doi.org/10.1126/scisignal.aaa9432 
(2015).

 53. Staquicini, F. I. et al. Receptor Tyrosine Kinase EphA5 Is a Functional Molecular Target in Human Lung Cancer. Journal of Biological 
Chemistry 290, 7345–7359 (2015).

 54. Shin, C.-H. et al. Identification of XAF1-MT2A mutual antagonism as a molecular switch in cell-fate decisions under stressful 
conditions. Proceedings of the National Academy of Sciences of the United States of America 114, 5683–5688, https://doi.org/10.1073/
pnas.1700861114 (2017).

 55. Lencinas, A. et al. Olfactomedin-1 activity identifies a cell invasion checkpoint during epithelial-mesenchymal transition in the 
chick embryonic heart. Disease models & mechanisms 6, 632–642, https://doi.org/10.1242/dmm.010595 (2013).

 56. Tomi, M., Tajima, A., Tachikawa, M. & Hosoya, K. Function of taurine transporter (Slc6a6/TauT) as a GABA transporting protein 
and its relevance to GABA transport in rat retinal capillary endothelial cells. Biochim Biophys Acta 1778, 2138–2142, https://doi.
org/10.1016/j.bbamem.2008.04.012 (2008).

 57. Heo, S.-J. et al. Mechanically Induced Chromatin Condensation Requires Cellular Contractility in Mesenchymal Stem Cells. 
Biophysical journal 111, 864–874, https://doi.org/10.1016/j.bpj.2016.07.006 (2016).

 58. Korol, A., Taiyab, A. & West-Mays, J. A. RhoA/ROCK signaling regulates TGFβ-induced epithelial-mesenchymal transition of lens 
epithelial cells through MRTF-A. Molecular medicine (Cambridge, Mass.) 22, 713–723, https://doi.org/10.2119/molmed.2016.00041 
(2016).

 59. Horiguchi, M., Ota, M. & Rifkin, D. B. Matrix control of transforming growth factor-beta function. J Biochem 152, 321–329, https://
doi.org/10.1093/jb/mvs089 (2012).

 60. Khalil, H. et al. Fibroblast-specific TGF-β-Smad2/3 signaling underlies cardiac fibrosis. The Journal of clinical investigation 127, 
3770–3783, https://doi.org/10.1172/JCI94753 (2017).

 61. Shen, Q., Rigor, R. R., Pivetti, C. D., Wu, M. H. & Yuan, S. Y. Myosin light chain kinase in microvascular endothelial barrier function. 
Cardiovascular research 87, 272–280, https://doi.org/10.1093/cvr/cvq144 (2010).

 62. Okamoto, T. et al. Gap junction-mediated regulation of endothelial cellular stiffness. Scientific Reports 7, 6134, https://doi.
org/10.1038/s41598-017-06463-x (2017).

 63. Moro, A. et al. MicroRNA-dependent regulation of biomechanical genes establishes tissue stiffness homeostasis. Nature Cell Biology 
21, 348–358, https://doi.org/10.1038/s41556-019-0272-y (2019).

 64. Chekulaeva, M. & Filipowicz, W. Mechanisms of miRNA-mediated post-transcriptional regulation in animal cells. Curr Opin Cell 
Biol 21, 452–460, https://doi.org/10.1016/j.ceb.2009.04.009 (2009).

 65. Obernosterer, G., Leuschner, P. J. F., Alenius, M. & Martinez, J. Post-transcriptional regulation of microRNA expression. RNA (New 
York, N.Y.) 12, 1161–1167, https://doi.org/10.1261/rna.2322506 (2006).

 66. Darnell, M. et al. Material microenvironmental properties couple to induce distinct transcriptional programs in mammalian stem 
cells. Proceedings of the National Academy of Sciences 115, E8368, https://doi.org/10.1073/pnas.1802568115 (2018).

 67. Wang, G. et al. Quantitative proteomic profiling of tumor-associated vascular endothelial cells in colorectal cancer. bioRxiv, 561555, 
https://doi.org/10.1101/561555 (2019).

 68. Lidington, E. A., Moyes, D. L., McCormack, A. M. & Rose, M. L. A comparison of primary endothelial cells and endothelial cell lines 
for studies of immune interactions. Transpl Immunol 7, 239–246 (1999).

 69. Pepe, G. et al. Marfan syndrome: current perspectives. The application of clinical genetics 9, 55–65, https://doi.org/10.2147/TACG.
S96233 (2016).

 70. Frye, M. et al. Matrix stiffness controls lymphatic vessel formation through regulation of a GATA2-dependent transcriptional 
program. Nature Communications 9, 1511, https://doi.org/10.1038/s41467-018-03959-6 (2018).

 71. Sheikh-Hamad, D. Mammalian stanniocalcin-1 activates mitochondrial antioxidant pathways: new paradigms for regulation of 
macrophages and endothelium. American journal of physiology. Renal physiology 298, F248–F254, https://doi.org/10.1152/
ajprenal.00260.2009 (2010).

 72. Wipff, P. J., Rifkin, D. B., Meister, J. J. & Hinz, B. Myofibroblast contraction activates latent TGF-beta1 from the extracellular matrix. 
J Cell Biol 179, 1311–1323, https://doi.org/10.1083/jcb.200704042 (2007).

 73. Kimura, C., Konishi, S., Hasegawa, M. & Oike, M. Development of vascular smooth muscle contractility by endothelium-derived 
transforming growth factor beta proteins. Pflugers Arch 466, 369–380, https://doi.org/10.1007/s00424-013-1329-6 (2014).

 74. Wecker, T., Han, H., Borner, J., Grehn, F. & Schlunck, G. Effects of TGF-beta2 on cadherins and beta-catenin in human trabecular 
meshwork cells. Invest Ophthalmol Vis Sci 54, 6456–6462, https://doi.org/10.1167/iovs.13-12669 (2013).

 75. Chi, J. T. et al. Endothelial cell diversity revealed by global expression profiling. Proc Natl Acad Sci USA 100, 10623–10628, https://
doi.org/10.1073/pnas.1434429100 (2003).

 76. Ursoli Ferreira, F. et al. Endothelial Cells Tissue-Specific Origins Affects Their Responsiveness to TGF-β2 during Endothelial-to-
Mesenchymal Transition. International journal of molecular sciences 20, 458, https://doi.org/10.3390/ijms20030458 (2019).

 77. Bastounis, E. E., Ortega, F. E., Serrano, R. & Theriot, J. A. A Multi-well Format Polyacrylamide-based Assay for Studying the Effect 
of Extracellular Matrix Stiffness on the Bacterial Infection of Adherent Cells. J Vis Exp. https://doi.org/10.3791/57361 (2018).

 78. Lamason, R. L. et al. Rickettsia Sca4 Reduces Vinculin-Mediated Intercellular Tension to Promote Spread. Cell 167, 670–683.e610, 
https://doi.org/10.1016/j.cell.2016.09.023 (2016).

https://doi.org/10.1038/s41598-019-54336-2
https://doi.org/10.1007/s00441-011-1222-6
https://doi.org/10.1007/s00441-011-1222-6
https://doi.org/10.1016/j.matbio.2015.05.005
https://doi.org/10.1167/iovs.16-21331
https://doi.org/10.1167/iovs.16-21331
https://doi.org/10.1016/j.ceb.2014.09.001
https://doi.org/10.1167/iovs.16-20472
https://doi.org/10.1016/j.mce.2014.10.021
https://doi.org/10.1002/art.10520
https://doi.org/10.1167/iovs.12-10142
https://doi.org/10.1186/1471-2164-8-98
https://doi.org/10.1126/scisignal.aaa9432
https://doi.org/10.1073/pnas.1700861114
https://doi.org/10.1073/pnas.1700861114
https://doi.org/10.1242/dmm.010595
https://doi.org/10.1016/j.bbamem.2008.04.012
https://doi.org/10.1016/j.bbamem.2008.04.012
https://doi.org/10.1016/j.bpj.2016.07.006
https://doi.org/10.2119/molmed.2016.00041
https://doi.org/10.1093/jb/mvs089
https://doi.org/10.1093/jb/mvs089
https://doi.org/10.1172/JCI94753
https://doi.org/10.1093/cvr/cvq144
https://doi.org/10.1038/s41598-017-06463-x
https://doi.org/10.1038/s41598-017-06463-x
https://doi.org/10.1038/s41556-019-0272-y
https://doi.org/10.1016/j.ceb.2009.04.009
https://doi.org/10.1261/rna.2322506
https://doi.org/10.1073/pnas.1802568115
https://doi.org/10.1101/561555
https://doi.org/10.2147/TACG.S96233
https://doi.org/10.2147/TACG.S96233
https://doi.org/10.1038/s41467-018-03959-6
https://doi.org/10.1152/ajprenal.00260.2009
https://doi.org/10.1152/ajprenal.00260.2009
https://doi.org/10.1083/jcb.200704042
https://doi.org/10.1007/s00424-013-1329-6
https://doi.org/10.1167/iovs.13-12669
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.3390/ijms20030458
https://doi.org/10.3791/57361
https://doi.org/10.1016/j.cell.2016.09.023


1 6Scientific RepoRtS |         (2019) 9:18209  | https://doi.org/10.1038/s41598-019-54336-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 79. Faralla, C. et al. InlP, a New Virulence Factor with Strong Placental Tropism. Infect Immun 84, 3584–3596, https://doi.org/10.1128/
iai.00625-16 (2016).

 80. Bastounis, E. et al. Both contractile axial and lateral traction force dynamics drive amoeboid cell motility. The Journal of Cell Biology 
204, 1045–1061 (2014).

Acknowledgements
Our thanks to G. Skariah, M. Footer, R. Garner, J. Russell and members of the Theriot Lab for discussions and 
experimental support. We thank the Stanford Functional Genomics Facility, Stanford University where RNA 
Seq was performed and Arraystar Inc. where RT-qPCR was performed. This work was supported by NIH 
R01AI036929 (J.A.T), HHMI (J.A.T) and the American Heart Association, Award numbers: 18CDA34070047 
(E.E.B) and 18CDA34110462 (Y-T.Y.).

Author contributions
E.E.B. and J.A.T. conceived the project and designed the experiments. E.E.B. performed experiments and analyzed 
data. Y.-T.Y. performed Western blot experiments. E.E.B. and J.A.T. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54336-2.
Correspondence and requests for materials should be addressed to J.A.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-54336-2
https://doi.org/10.1128/iai.00625-16
https://doi.org/10.1128/iai.00625-16
https://doi.org/10.1038/s41598-019-54336-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Subendothelial stiffness alters endothelial cell traction force generation while exerting a minimal effect on the transcrip ...
	Results
	ECs in monolayers exert increased cell-matrix traction stresses when residing on stiff as compared to soft hydrogels. 
	Differentially expressed genes (DEGs) arise due to EC type rather than subendothelial stiffness. 
	TGF-β2 and TGF-β2-related genes are among the stiffness-sensitive DEGs identified in HUVEC. 
	RT-qPCR on HUVEC treated with recombinant TGF-β2 confirms changes in expression of several genes identified to be stiffness ...
	HUVEC but not HMEC-1 treated with recombinant TGF-β2 show a significant elevation in their traction stresses on both stiff  ...
	HUVEC exposed to TGF-β2 show increased amount of F-actin and pMLC. 

	Discussion
	Materials and Methods
	Fabrication of polyacrylamide hydrogels on multi-well plates. 
	Atomic force microscopy (AFM) for determination of hydrogel stiffness. 
	Cell culture conditions. 
	Traction force microscopy. 
	Antibodies and reagents. 
	Western blotting for HUVEC or HMEC-1 lysates coming from cells in monolayers residing on different ECM stiffness substrates ...
	RNA isolation and RNA sequencing. 
	Sample preparation. 
	Library preparation and RNA sequencing. 

	Transcriptome assembly and differentially expressed gene identification. 
	Hierarchical clustering, PCA and gene set analysis. 
	RT-qPCR. 
	Immunostaining. 

	Acknowledgements
	Figure 1 Endothelial cells in monolayers exert higher cell-matrix traction forces onto stiff as compared to soft hydrogels.
	Figure 2 Post-transcriptional changes on ECs in monolayers grown on soft versus stiff hydrogels.
	Figure 3 Endothelial origin but not matrix stiffness strongly determines the transcriptome of endothelial cells.
	Figure 4 Principal component analysis (PCA) confirms that endothelial origin but not matrix stiffness is a major contributor of expression differences.
	Figure 5 TGF-β2 modulates expression of some stiffness-sensitive genes in HUVEC.
	Figure 6 HUVEC but not HMEC-1 treated with recombinant TGF-β2 show a significant elevation in their traction stresses on both stiff and soft matrices.
	Figure 7 F-actin and pMLC increase for HUVEC monolayers exposed to TGF-β2.




