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Summary statement 

Stiff matrices promote transforming growth factor β1-induced epithelial-mesenchymal transition via 

regulation of nuclear localization of enhancer of zeste homolog 2. 

 

Abstract 

The methyltransferase enhancer of zeste homolog 2 (EZH2) regulates gene expression and aberrant EZH2 

expression and signaling can drive fibrosis and cancer. However, it is not clear how chemical and 

mechanical signals are integrated to regulate EZH2 and gene expression. We show that culture of cells on 

stiff matrices in concert with transforming growth factor (TGF)-β1 promotes nuclear localization of EZH2 

and an increase in the levels of the corresponding histone modification, H3K27me3, thereby regulating 

gene expression. EZH2 activity and expression are required for TGFβ1- and stiffness-induced increases in 

H3K27me3 levels as well as for morphological and gene expression changes associated with epithelial-

mesenchymal transition (EMT). Inhibition of Rho associated kinase (ROCK) or myosin II signaling 

attenuates TGFβ1-induced nuclear localization of EZH2 and decreases H3K27me3 levels in cells cultured 

on stiff substrata, suggesting that cellular contractility, in concert with a major cancer signaling regulator 

TGFβ1, modulates EZH2 subcellular localization. These findings provide a contractility-dependent 

mechanism by which matrix stiffness and TGFβ1 together mediate EZH2 signaling to promote EMT. 
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Introduction 

During fibrosis and cancer, the stiffness of the affected tissue significantly increases (Brown et al., 2013; 

Levental et al., 2010; Liu et al., 2010; Lopez et al., 2011; Plodinec et al., 2012). Increased matrix stiffness 

precedes liver fibrosis in rat models (Georges et al., 2007) and increased breast tissue stiffness is associated 

with breast cancer risk (Boyd et al., 2014), suggesting that matrix stiffness may play a causal role in 

epithelial disease progression. In addition, matrix stiffness regulates cellular processes implicated in disease 

progression including proliferation, differentiation, epithelial-mesenchymal transition (EMT), and 

apoptosis (Engler et al., 2006; Leight et al., 2012; O'Connor et al., 2015; Wang et al., 2000). Transforming 

growth factor (TGF)-β is a multi-functional cytokine that is important for maintaining homeostasis and 

regulating normal physiological processes, but if misregulated can promote epithelial diseases such as 

fibrosis and cancer (Elliot and Blobe, 2005; Sankhe et al., 2023). While previous studies have identified a 

regulatory role for matrix stiffness in the control of TGFβ-induced cell behavior and fate decisions, 

mechanistically how matrix mechanics mediate cell signaling and gene expression in response to TGFβ to 

promote disease progression has not been fully elucidated. 

Global gene regulation is a dynamic process that plays an important role in EMT, and transcription is 

mediated by chromatin regulators including Enhancer of Zeste Homolog 2 (EZH2). EZH2, a 

methyltransferase that catalyzes the tri-methylation of histone 3 lysine 27 (H3K27me3) (Duan et al., 2020), 

regulates gene expression during normal and pathological processes. EZH2-knockout mouse embryos are 

deformed and die at an early developmental stage, suggesting that EZH2 is required for normal 

development (Shen et al., 2008). Aberrant expression of EZH2 correlates with progression of fibrosis and 

cancer, as EZH2 is hyperactivated in multiple types of cancers and is overexpressed in fibrosis (Grindheim 

et al., 2019; Simon and Lange, 2008; Tsou et al., 2019). EZH2 can serve as both a suppressor and an 

activator of genes associated with EMT (Cao et al., 2008; Han et al., 2016; Song et al., 2019) and apoptosis 

(Zhang et al., 2014) and plays a role in regulating both of these cellular processes. Indeed, EZH2 

overexpression promotes EMT (Zhang et al., 2017), while EZH2 inhibition and knockdown reduce 

vimentin and increase E-cadherin expression in endometriotic epithelial (Zhang et al., 2017), liver cancer 

(Liu et al., 2010), and laryngeal cancer (Liu et al., 2010) cells and attenuate TGFβ1-induced EMT in retinal 

pigment epithelial cells (Andrews et al., 2019). Furthermore, EZH2 and H3K27me3 levels are elevated at 

the E-cadherin gene promoter in prostate cancer cells (Cao et al., 2008) and TGFβ1 treatment increases 

EZH2 levels at the E-cadherin gene promoter in retinal pigment epithelial cells (Andrews et al., 2019). 

These previous findings provide evidence that EZH2 regulates gene expression and epithelial disease 

progression; however, the synergistic impact of chemical and physical properties of the microenvironment 

on EZH2 signaling is unknown.  
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Here, we synthesized hydrogels with stiffnesses that mimic healthy and diseased mammary tissue and 

utilized this platform to examine the impact of matrix stiffness and TGFβ1 on EZH2, H3K27 methylation, 

and gene expression. We find that TGFβ1 treatment promotes EZH2 nuclear localization in cells cultured 

on stiff, but not soft substrata, and increased nuclear localization of EZH2 correlates with higher H3K27me3 

levels. Inhibition and knockdown of EZH2 attenuates TGFβ1-induced morphology and gene expression 

changes associated with EMT in cells cultured on stiff substrata. Furthermore, inhibition of Rho associated 

kinase (ROCK) and myosin II reduces TGFβ1-induced EZH2 nuclear localization and H3K27me3 levels 

in cells cultured on stiff substrata. These results suggest a cell contractility-dependent mechanism by which 

TGFβ1 and matrix stiffness induce an EMT-associated transcriptional profile and phenotype via control of 

EZH2 subcellular localization. 

 

Results 

Matrix stiffness and TGFβ1 regulate EZH2 subcellular localization and H3K27me3 levels 

Cancer and fibrosis progression are accompanied by changes in the mechanical properties of the affected 

tissue and elevation of the level and activity of TGFβ (Sankhe et al., 2023). The methyltransferase EZH2 is 

elevated in metastatic cancer and fibrosis (Cao et al., 2008; Kleer et al., 2003; Tsou et al., 2019; Varambally 

et al., 2002) and EZH2 is regulated by TGFβ1 (Andrews et al., 2019; Le et al., 2021); however, how matrix 

stiffness impacts EZH2 signal transduction is not clear. To mimic the mechanical properties of mammary 

tissue during disease progression, hydrogels were synthesized to have Young’s moduli similar to healthy 

breast tissue (300 Pa) and an average breast tumor (6300 Pa) (Lopez et al., 2011; Plodinec et al., 2012). To 

examine EZH2 signaling in response to matrix stiffness and TGFβ1, normal murine mammary gland 

(NMuMG) epithelial cells were cultured on fibronectin-coated hydrogels and treated with TGFβ1. 

Immunofluorescence staining was utilized to examine the subcellular localization of EZH2. For cells 

cultured on soft substrata (300 Pa), EZH2 localization is pancellular and it is found both in the nucleus and 

cytoplasm in TGFβ1 and control vehicle treated cells (Fig. 1A). In contrast, for cells cultured on stiff 

substrata (6300 Pa), EZH2 localizes primarily to the cell nucleus when cells are treated with TGFβ1, while 

cells treated with control vehicle show both nuclear and cytoplasmic localization of EZH2. Quantification 

of the nuclear to cytoplasmic ratio of EZH2 from immunofluorescence images revealed that when cells are 

cultured on soft substrata the nuclear and cytoplasmic levels of EZH2 are comparable for control vehicle 

and TGFβ1 treated cells (Fig. 1B). In contrast, when cultured on stiff substrata, cells exhibit a significantly 

higher (2.2 fold, p<0.01) nuclear to cytoplasmic ratio of EZH2 following treatment with TGFβ1 than when 
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treated with control vehicle. Furthermore, TGFβ1 treatment promotes a significant increase (1.4 fold, 

p<0.05) in the nuclear to cytoplasmic ratio of EZH2 in cells cultured on stiff compared to soft matrices.  

Western blots of whole cell lysates for EZH2 reveal that NMuMG cells cultured on stiff substrata show an 

approximately 20% decrease (p<0.01) in total EZH2 levels in comparison to when they are cultured on soft 

substrata (Fig. 1C,D). Treatment with TGFβ1 significantly decreases (1.2 fold, p<0.05) the total level of 

EZH2 in cells cultured on soft substrata and slightly, though not significantly, decreases total EZH2 levels 

in cells cultured on stiff substrata in comparison to control vehicle treated cells. Western blotting of 

cytoplasmic protein extracts revealed that EZH2 cytoplasmic levels are highest in control vehicle treated 

cells cultured on stiff substrata, and TGFβ1 treatment significantly reduces (7.7 fold, p<0.01) these levels 

(Fig. 1C,E). Western blotting of nuclear extracts revealed that nuclear EZH2 levels are significantly higher 

(greater than 2 fold, p<0.05) in cells cultured on stiff substrata and treated with TGFβ1 in comparison to all 

other experimental conditions (Fig. 1C,F). Together, the imaging and western blotting results demonstrate 

that when cells are cultured on stiff substrata, TGFβ1 treatment promotes EZH2 nuclear localization and 

significantly increases nuclear levels of EZH2; in contrast, cells cultured on soft substrata do not show 

significant subcellular redistribution of EZH2 in response to TGFβ1.  

EZH2 is a methyltransferase that is responsible for tri-methylating histone 3 lysine 27 (H3K27) (Duan et 

al., 2020). To confirm increased methyltransferase activity of EZH2 in cells cultured on stiff substrata 

following TGFβ1 treatment in comparison to other treatment conditions we examined H3K27me3 levels. 

Immunofluorescence staining (Fig. S1A,B) shows that on soft substrata, H3K27me3 levels remain 

unchanged regardless of treatment condition, while TGFβ1 induces a significant increase in H3K27me3 

levels in cells cultured on stiff substrata when compared to control vehicle treated cells cultured on stiff 

substrata (1.5 fold, p<0.05) and to TGFβ1 treated cells cultured on soft substrata (2.4 fold, p<0.05). 

Consistent with the staining results, western blotting similarly shows that H3K27me3 levels remain 

unchanged regardless of treatment condition in cells cultured on soft substrata, but TGFβ1 treatment 

significantly increases H3K27me3 levels in cells cultured on stiff substrata compared to control treated 

cells cultured on stiff substrata (2.8 fold, p<0.05) and compared to TGFβ1 treated cells cultured on soft 

substrata (3.9 fold, p<0.01) (Fig. 1G,H). Similar results are observed by immunofluorescence staining for 

Madin-Darby canine kidney (MDCK) epithelial cells, suggesting that matrix stiffness- and TGFβ1-induced 

increase in H3K27me3 levels is not cell type specific (Fig. S1C,D). Together, these results suggest that 

matrix stiffness and TGFβ1 coordinate to regulate the global levels of H3K27mMe3 in cells, which is likely 

mediated by control of EZH2 subcellular localization rather than by changes in EZH2 expression level.  

Matrix stiffness and TGFβ1 mediate phosphorylation of EZH2 
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EZH2 phosphorylation at T311 and T367 correlates with its nuclear localization in some cell types (Ghate 

et al., 2023; Le et al., 2021; McMullen et al., 2021). We used western blotting to determine whether TGFβ1 

induces EZH2 phosphorylation in cells cultured on a stiff matrix. TGFβ1 treated cells cultured on 6300 Pa 

compared to 300 Pa substrata show a significant increase in EZH2 molecular weight (4.0 fold, p<0.05) 

indicated by an upward shift of the bands of the western blot (Fig. 2A,B). Treatment of the whole cell lysate 

with alkaline phosphatase attenuates the observed increase in EZH2 molecular weight in cells cultured on 

6300 Pa substrata and treated with TGFβ1 (5.1 fold, p<0.001) (Fig. 2A,B), suggesting that TGFβ1 treatment 

promotes phosphorylation of EZH2 in cells cultured on 6300 Pa substrata. Western blotting was also used 

to examine the levels of EZH2 phosphorylation at Threonine 311 (pEZH2-T311). TGFβ1 treated cells 

cultured on 6300 Pa substrata exhibit significantly higher levels of pEZH2-T311 compared to control 

treated cells cultured on 6300 Pa substrata (3.4 fold, p<0.01) and compared to TGFβ1 treated cells cultured 

on 300 Pa substrata (5.3 fold, p<0.01) (Fig. 2C,D). These results suggest that TGFβ1 and a stiff matrix 

promote phosphorylation of EZH2 at T311. In addition, we examined the subcellular localization of 

pEZH2-T311 using immunofluorescence staining. In control treated cells cultured on either 300 or 6300 Pa 

substrata, pEZH2-T311 is pancellular with nuclear:cytoplasm ratios around 0.25 (Fig. 2E,F). TGFβ1 treated 

cells cultured on 300 Pa substrata appear to have pancellular pEZH2-T311 localization with a 

nuclear:cytoplasm ratio of 0.23 (Fig. 2E,F). In contrast, TGFβ1 treated cells cultured on 6300 Pa substrata 

have significantly increased nuclear:cytoplasm ratio of pEZH2-T311 compared to control treated cells 

cultured on 6300 Pa substrata (4.0 fold, p<0.0001) and compared to TGFβ1 treated cells cultured on 300 

Pa substrata (4.1 fold, p<0.0001) (Fig. 2E,F). We also examined phosphorylation of EZH2 at T367 as a 

function of matrix stiffness and TGFβ1 treatment. In control treated cells cultured on either 300 Pa or 6300 

Pa substrata and in TGFβ1 treated cells cultured on 300 Pa substrata, pEZH2-T367 appears to have 

pancellular localization, and nuclear:cytoplasm ratios are below 0.33 (Fig. 2G,H). However, TGFβ1 treated 

cells cultured on 6300 Pa substrata have a significantly higher nuclear:cytoplasmic ratio of pEZH2-T367 

compared to control treated cells cultured on 6300 Pa substrata (5.0 fold, p<0.0001) and compared to 

TGFβ1 treated cells cultured on 300 Pa substrata (3.3 fold, p<0.0001) (Fig. 2G,H). These results suggest 

that the combination of a stiff matrix and TGFβ1 stimulation promotes increased pEZH2-T311 and pEZH2-

T367 levels and nuclear localization. 

EZH2 activity and expression are required for TGFβ1-induced EMT in cells cultured on stiff substrata 

Histone modifications, such as H3K27me3, can influence gene expression by altering chromatin 

accessibility. Thus, we hypothesized that regulation of EZH2 subcellular localization by matrix stiffness 

may mediate TGFβ1-induced changes in cell morphology and in the expression of genes associated with 

EMT. To test whether high global levels of H3K27me3 in TGFβ1-treated cells cultured on stiff matrices are 
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associated with EMT and require EZH2 activity, we used the inhibitor Deazaneplanocin A (DZNep), which 

inhibits EZH2 methyltransferase activity by inhibiting S-adenosylmethionine-dependent methyltransferase. 

To first confirm that DZNep inhibits methyltransferase activity in our system, cells were treated with 

DZNep prior to TGFβ1 stimulation and H3K27me3 levels were monitored. Immunofluorescence staining 

(Fig. S2A,B) revealed that DZNep treatment attenuates the TGFβ1-induced increase in H3K27me3 levels 

in cells cultured on stiff substrata (1.8 fold, p<0.01). Western blotting confirmed immunofluorescence 

staining results, showing that treatment with DZNep significantly reduces H3K27me3 levels (2.8 fold, 

p<0.001) in TGFβ1 treated cells in comparison to treatment with TGFβ1 and the control vehicle for cells 

cultured on stiff substrata (Figure 3A,B). These results verify that DZNep treatment reduces the global 

levels of H3K27me3 in TGFβ1-treated cells cultured on stiff matrices.  

Cells that undergo EMT experience significant morphological changes including increased spreading and 

elongation as well as cytoskeletal reorganization (Kalluri and Weinberg, 2009). We have previously shown 

that matrix stiffness regulates TGFβ1-induced morphological changes and cytoskeletal reorganization 

(O'Connor et al., 2015), and we sought to determine whether EZH2 activity contributes to these 

observations. To examine cell morphology, we quantified cell spread area and aspect ratio in cells cultured 

on soft and stiff substrata that were treated with DZNep prior to TGFβ1 stimulation. Consistent with 

previous reports, we find that when NMuMG cells are cultured on soft substrata, the cells are rounded and 

associate with neighboring cells, and treatment with TGFβ1 and DZNep does not induce a change in cell 

morphology (Figs 3C-E and S2C). In contrast, when cells are cultured on stiff substrata, treatment with 

TGFβ1 promotes increased cell spreading in comparison to treatment with control vehicle. Furthermore, 

treatment with DZNep significantly reduces cell spread area (1.8 fold, p<0.0001) and aspect ratio (1.9 fold, 

p<0.0001) in TGFβ1 treated cells cultured on stiff substrata (Figs 3C-E and S2C). Interestingly, treatment 

with DZNep does not block TGFβ1-induced cytoskeletal reorganization in cells cultured on stiff substrata 

(Fig. S2D). These findings indicate that reducing EZH2 activity attenuates TGFβ1-induced increases in cell 

spreading and elongation in cells cultured on stiff substrata, suggesting that EZH2 may play a role in 

stiffness mediated TGFβ1-induced EMT.  

To examine the role of EZH2 in the regulation of gene expression in response to matrix stiffness and TGFβ1, 

we monitored the expression of epithelial and mesenchymal markers following EZH2 inhibition. 

Immunofluorescence staining of cells cultured on soft substrata revealed that the epithelial marker E-

cadherin localizes to cell-cell junctions in all treatment conditions (Fig. 3C). On stiff substrata, cells treated 

with TGFβ1 exhibit reduced E-cadherin expression and there is an increase in the percentage of cells 

expressing αSMA (13 fold, p<0.001). We observe αSMA expression in a subpopulation of cells (~15%), 

suggesting that cells exhibit differential responses to TGFβ1.  DZNep treatment of cells cultured on stiff 
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substrata attenuates TGFβ1-induced loss of E-cadherin and significantly reduces the percentage of cells 

expressing αSMA (8.7 fold, p<0.001; Fig. 3C,F). Western blotting revealed that E-cadherin protein levels 

do not change significantly with TGFβ1 treatment when cells are cultured on soft substrata (Fig. 3G,H). 

For cells cultured on stiff substrata, treatment with TGFβ1 promotes a decrease in the levels of E-cadherin 

(2.7 fold, p<0.001) and an increase in the levels of αSMA (10.3 fold, p<0.0001), N-cadherin (1.9 fold, 

p<0.0001), and vimentin (1.9 fold, p<0.0001) in comparison to treatment with control vehicle (Fig. 3G-K). 

Treatment with DZNep attenuates the TGFβ1-mediated changes in E-cadherin, αSMA, N-cadherin, and 

vimentin levels. Together, these findings suggest that EZH2 activity regulates the expression of EMT 

associated genes in cells that encounter a stiff matrix and TGFβ1. Furthermore, because EZH2 inhibition 

with DZNep does not impact cytoskeletal changes, this suggests that the EMT phenotype is promoted by 

transcriptional reprogramming downstream of EZH2.  

DZNep inhibits EZH2 methyltransferase activity indirectly by inhibiting S-adenosylmethionine-dependent 

methyltransferase. Because of this, DZNep inhibition could have off-target effects (Fujiwara et al., 2014; 

Miranda et al., 2009). To specifically target EZH2, we depleted EZH2 protein levels using an siRNA 

targeting EZH2 (Fig. 4A,B) to examine whether EZH2 expression, in addition to its activity, is required for 

matrix stiffness mediated cell morphology alterations, cytoskeletal reorganization, and EMT-associated 

gene expression changes in response to TGFβ1. Immunofluorescence staining (Fig. S3A,B) and western 

blotting (Fig. 4C,D) revealed that EZH2 knockdown attenuates the observed TGFβ1-induced increase in 

H3K27me3 levels in cells cultured on stiff substrata. Furthermore, EZH2 knockdown reduces TGFβ1-

mediated changes in cell spread area and aspect ratio in cells cultured on stiff substrata in comparison to 

cells transfected with a non-targeting control siRNA (Figs 4E-G and S3C). Knockdown of EZH2, however, 

does not appear to impact TGFβ1-induced cytoskeletal reorganization in cells cultured on stiff substrata 

(Fig. S3D).  

Examination of the levels of EMT markers by immunofluorescence staining showed that when cells are 

cultured on stiff substrata, TGFβ1 reduces E-cadherin levels and significantly increases the percentage of 

cells expressing αSMA (10 fold, p<0.001) in cells transfected with control siRNA (Fig. 4E,H). Consistent 

with this, western blotting reveals a reduction in E-cadherin levels (2.7 fold, p<0.05) and an increase in 

αSMA (8.3 fold, p<0.001), N-cadherin (2.1 fold, p<0.01), and vimentin (2.0 fold, p<0.01) protein levels in 

cells transfected with the control siRNA following treatment with TGFβ1 (Fig. 4I-M). EZH2 knockdown 

slightly, though not significantly, reduces TGFβ1-induced loss of E-cadherin in cells cultured on both soft 

and stiff substrata (Fig. 3I,J), and significantly reduces TGFβ1-induced gain in αSMA (5.3 fold, p<0.001) 

and vimentin (1.7 fold, p<0.01) protein levels in cells cultured on stiff substrata (Fig. 4I,K,M). EZH2 

knockdown reduces TGFβ1-induced gain in N-cadherin protein levels in cells cultured on stiff substrata, 
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though not significantly (Fig. 4L). These findings suggest that both EZH2 expression and activity are 

required for matrix stiffness and TGFβ1-induced changes in the levels of H3K27me3 and some EMT-

associated proteins. Moreover, these results indicate that a stiff matrix and TGFβ1 signaling promote 

nuclear localization of EZH2, which elevates H3K27me3 levels and promotes gene expression changes 

associated with EMT.  

Cytoskeletal contractility mediates TGFβ1-induced changes in the subcellular localization of EZH2 on 

stiff substrata  

Given that inhibition of ROCK, a downstream target of RhoA, prevents TGFβ1-induced αSMA expression 

and EMT in cells cultured on stiff matrices (O'Connor et al., 2015), we hypothesized that cytoskeletal 

contractility may regulate EZH2 subcellular localization. Cells were cultured on hydrogels of varying 

stiffness and treated with TGFβ1 and the ROCK inhibitor Y27632. Immunofluorescence staining shows 

similar EZH2 nuclear and cytoplasmic localization in cells cultured on soft substrata across all treatment 

conditions, with the ratio of nuclear and cytoplasmic levels being near a value of one (Fig. 5A,B). In cells 

cultured on stiff substrata, EZH2 localizes primarily to the nucleus when cells are treated with TGFβ1, 

while treatment with Y27632 reduces TGFβ1-induced EZH2 nuclear to cytoplasmic levels (2.1 fold, 

p<0.001) (Fig. 5A,B). Western blotting revealed that on soft substrata, EZH2 protein levels are similar in 

cytoplasmic and nuclear extracts across treatment conditions (Fig. 5C-E). For cells cultured on stiff 

substrata, treatment with Y27632 and TGFβ1 promotes a significant increase (3 fold, p<0.05) in 

cytoplasmic EZH2 levels in comparison to treatment with TGFβ1 alone (Fig. 5C,D). Furthermore, treatment 

with Y27632 and TGFβ1 significantly reduces (4.4 fold, p<0.01) the levels of nuclear EZH2 in comparison 

to treatment with TGFβ1 alone for cells cultured on stiff substrata (Fig. 5C,E).  

To confirm that inhibition of ROCK signaling impacts EZH2 activity, we examined H3K27me3 levels using 

immunofluorescence staining and western blotting. Western blotting showed that for cells cultured on soft 

substrata, H3K27me3 levels are low across all treatment conditions, while on stiff substrata Y27632 

treatment significantly reduces H3K27me3 levels (2.4 fold, p<0.01) in TGFβ1 treated cells in comparison 

to treatment with TGFβ1 alone (Fig. 5F,G). Similar trends were observed by immunofluorescence staining 

analysis (Fig. S4A,C). Treatment with blebbistatin, a myosin II inhibitor, has been shown to attenuate matrix 

stiffness- and TGFβ1-induced EMT (O'Connor et al., 2015). Blebbistatin and TGFβ1 treatment also reduces 

H3K27me3 levels and EZH2 nuclear localization in comparison to treatment with TGFβ1 alone in cells 

cultured on stiff substrata (Fig. S4B,D-H). These results demonstrate that RhoA/ROCK signaling and 

myosin II regulate EZH2 subcellular localization and H3K27me3 levels in response to matrix stiffness and 

TGFβ1. Taken together, these results provide a cell contractility-mediated mechanism for understanding 

how EZH2 contributes to the regulation of TGFβ1-induced EMT (Fig. 6).  
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Discussion 

Recent studies suggest that microenvironmental mechanical cues regulate chromatin reorganization and 

histone 3 acetylation and methylation to mediate transcription. For example, compressive load, which varies 

during tumor growth, increases chromatin condensation and H3K27me3 levels, promotes nuclear 

localization of histone deacetylase 3 (HDAC3), and reduces transcriptional activity (Damodaran et al., 

2018). Cells can also be subjected to biaxial strain in the tumor microenvironment. Mechanical biaxial 

strain has been found to induce global chromatin rearrangement and to promote transcriptional repression 

by increasing H3K27me3 levels (Le et al., 2016). In addition, matrix stiffness regulates chromatin spatial 

organization, condensation state, and accessibility (Heo et al., 2023; Stowers et al., 2019; Walker et al., 

2022). MCF10A breast epithelial cells cultured in stiff (2000 Pa) matrices have significantly more 

accessible chromatin regions than cells cultured in soft (100 Pa) matrices (Stowers et al., 2019). For 

mesenchymal stem cells, the total number of H3K27me3 localizations per unit area of the entire nucleus 

does not show differences as a function of matrix stiffness, however, cells cultured on soft substrata exhibit 

higher levels of H3K27me3 localization at the nuclear periphery than cells cultured on stiffer substrata 

suggesting higher levels of heterochromatin structures and transcriptional repression (Heo et al., 2023). We 

find that H3K27me3 levels do not vary in mammary epithelial cells as a function of matrix stiffness when 

treated with control vehicle. In contrast, treatment with TGFβ1 promotes a significant increase in the levels 

of H3K27me3 in cells cultured on stiff substrata in comparison to cells cultured on soft substrata. Given 

that H3K27me3 is typically associated with heterochromatin and downregulation of a large number of 

epithelial markers occurs during EMT, these data suggest that stiff substrata may enhance TGFβ1-induced 

transcriptional repression of epithelial-associated genes via the repressive H3K27me3 mark. Future studies 

examining the nanoscale reorganization of chromatin and localization of the H3K27me3 mark as a function 

of matrix mechanical properties and growth factor stimulation may shed light on the interplay between 

physical and chemical cues in the regulation of chromatin organization and gene expression.  

In this study, we found that matrix stiffness regulates EZH2 subcellular localization in response to 

stimulation with TGFβ1. On stiff, but not soft substrata, TGFβ1 increases EZH2 nuclear localization and 

H3K27me3 levels. Previous studies have shown that EZH2 is present in the cytoplasm and nucleus of 

benign and malignant prostate cancer cells, and both cytoplasmic and nuclear EZH2 is increased in prostate 

cancer cells compared to benign prostate cells (Bryant et al., 2008). In addition, EZH2 total protein level 

and nuclear localization is significantly higher in invasive breast carcinoma compared to benign breast 

lesions, which exhibit no nuclear localized EZH2 (Pang et al., 2012). Increased matrix stiffness (Levental 

et al., 2010; Lopez et al., 2011) and EMT (Ye and Weinberg, 2015) correlate with a mesenchymal phenotype 
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and increased tumor cell invasion; thus, matrix stiffness may regulate increased nuclear levels of EZH2 

observed in invasive breast cancers reported in the literature. Our results support this, as we observe 

increased nuclear localization of EZH2 and increased mesenchymal features in TGFβ1-treated mammary 

epithelial cells cultured on stiff substrata. Moreover, reports demonstrate that EZH2 localization also varies 

as a function of tumor stage and type. Cytoplasmic EZH2 is observed in 16% of invasive carcinomas and 

is associated with estrogen receptor negative and triple negative tumors, while nuclear EZH2 is associated 

with HER2 overexpression and higher tumor grade (Pang et al., 2012). Further studies are needed to 

delineate the role of matrix stiffness and other mechanical cues, such as elevated solid compressive stress 

and increased interstitial fluid pressure associated with tumors, in regulation of the subcellular localization 

of EZH2 in normal cells from a variety of tissues as well as in diseased cells from different types, stages, 

and grades of cancers.  

Nuclear localization of EZH2 has been previously demonstrated to correlate with its phosphorylation state 

(Ghate et al., 2023; Le et al., 2021; McMullen et al., 2021). Cytoplasmic pEZH2 T367 is significantly 

higher in squamous compared to mesenchymal and spindle subtypes of metaplastic carcinoma, while high 

nuclear pEZH2 T367 correlates to mesenchymal subtypes (McMullen et al., 2021). In our study we find 

that EZH2 localizes in both the cytoplasm and nucleus in cells exhibiting an epithelial phenotype, and 

pEZH2 T367 levels and nuclear localization are higher in cells exhibiting a mesenchymal phenotype. 

Another study found that in EZH2-depleted SW620 colon cancer cells, overexpression of an EZH2 mutant 

with an aspartic acid substitution that mimics T367 phosphorylation restores H3K27me3 levels and 

promotes complete EZH2 nuclear localization (Ghate et al., 2023). The mutant had more efficient nuclear 

accumulation of EZH2 and higher H3K27me3 levels than EZH2 wild-type cells suggesting that pEZH2 

T367 promotes EZH2 nuclear stabilization (Ghate et al., 2023). Furthermore, TGFβ signaling has been 

shown to contribute to EZH2 phosphorylation and subcellular localization; TGFβ-induced nuclear 

translocation of transforming growth factor-β-activated kinase 1 (TAK1) promotes phosphorylation of 

EZH2 at T311 and releases EZH2 from the polycomb repressive complex 2 (PRC2) to establish a 

transcriptional complex of EZH2, RNA-polymerase II (POL2), and nuclear actin that promotes EMT. 

Inhibition of EZH2, TAK1, or nuclear actin influx attenuates TGFβ-induced fibroblast-myofibroblast 

transition (Le et al., 2021). EZH2 knockdown did not block TGFβ-induced actomyosin remodeling, while 

Y27632 attenuates TGFβ-induced formation of the EZH2-POL2-actin transcriptional complex (Le et al., 

2021). Similarly, in our study, EZH2 inhibition and knockdown does not impact cytoskeletal reorganization, 

but RhoA/ROCK inhibition via Y27632 attenuates TGFβ1-induced gene expression. Thus, the EZH2-

mediated gene expression changes that we see in our system in response to TGFβ1 and a stiff matrix may 

be a result of the EZH2-POL2-actin transcriptional complex assembled by phosphorylation of EZH2 at 

T311 by TGFβ-induced nuclear TAK1 observed in the abovementioned study. In our study, we find that 
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TGFβ1 promotes nuclear EZH2 to drive EMT in cells cultured on stiff substrata and this requires cellular 

contractility. Additional studies are necessary to gain further mechanistic insight into the regulation of 

EZH2 phosphorylation and nuclear localization by TGFβ1 and matrix stiffness. 

Prior studies have found that EZH2 inhibition and knockdown reduces RhoA (Tripathi et al., 2021) and 

ROCK (Barsotti et al., 2015) activity and regulates actin polymerization (Bryant et al., 2008; Roy et al., 

2012; Su et al., 2005). In contrast to these previous findings of EZH2 functioning upstream of RhoA/ROCK 

signaling to regulate actin polymerization, we find that both EZH2 inhibition and knockdown do not impact 

the structure of F-actin in cells cultured on both soft and stiff substrata (Figs S2D and S3D). Cells 

maintained cortical actin organization when cultured on soft substrata regardless of treatment and when 

cultured on stiff substrata and treated with the control vehicle. In cells cultured on stiff substrata, TGFβ1 

treatment induced cytoskeletal reorganization and F-actin stress fiber structures in both DZNep and control 

vehicle treated cells and in cells transfected with both a control and an EZH2 siRNA. These results suggest 

that in our system, EZH2 is mainly functioning in the nucleus to regulate gene expression rather than 

upstream of RhoA/ROCK signaling to mediate actin polymerization. In our study, we used normal murine 

mammary gland cells, while the aforementioned studies utilized lung cancer, melanoma, and prostate cancer 

cells. The differences observed between our study and the studies mentioned above may be attributed to 

differences in cell type, and whether EZH2 functions upstream or downstream of RhoA/ROCK may be cell 

type-dependent. Interestingly, inhibition of myosin II with blebbistatin has been shown  to attenuate strain-

induced increase in H3K27me3 levels and transcriptional repression of PRC target genes (Le et al., 2016). 

Our results are consistent with this finding, as we show that myosin II is required for TGFβ1-induced 

increase of nuclear localization of EZH2 and H3K27me3 levels in response to increased matrix stiffness. 

These findings suggest that cytoskeletal contractility mediates EZH2 subcellular localization and signaling.   

While EZH2 and the H3K27me3 mark are usually associated with transcriptional repression (Andrews et 

al., 2019; Cao et al., 2008; Le et al., 2016), there is some evidence that EZH2 (Gonzalez et al., 2014; 

Manning et al., 2015; Song et al., 2019) and H3K27me3 (Young et al., 2011) also correlate with gene 

activation. Thus, it is possible that EZH2 can act as both a repressor and an activator of EMT-associated 

genes. Indeed, EZH2 levels are elevated at the E-cadherin gene promoter in prostate cancer cells, resulting 

in E-cadherin gene repression (Cao et al., 2008; Han et al., 2016). In addition, Smad3 and EZH2 localize 

to the E-cadherin gene promoter to repress E-cadherin in TGFβ1-treated retinal epithelial cells (Andrews 

et al., 2019). Furthermore, EZH2 promotes αSMA expression by forming a transcriptional complex with 

Smad2 to bind to the ACTA2 gene promoter region in angiotensin II-induced fibroblast differentiation 

(Song et al., 2019). Previous studies have also found that EZH2 expression is required for Notch (Gonzalez 

et al., 2014; Manning et al., 2015) and SRF reporter activity and SRF transcription (Manning et al., 2015), 
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which are important signaling pathways involved in the regulation of αSMA expression and EMT 

(O'Connor et al., 2015; O'Connor et al., 2016). We find that increased matrix stiffness promotes a decrease 

in E-cadherin expression and an increase in αSMA protein expression (ACTA2 gene) in response to TGFβ1. 

This finding is consistent with RNA-seq and ATAC-seq results for valve interstitial cells which showed that 

the ACTA2 gene is associated with open chromatin regions in cells cultured on stiff substrata (Walker et 

al., 2022). We also find that inhibition and knockdown of EZH2 impacts the protein-level expression of E-

cadherin and αSMA in mammary epithelial cells cultured on stiff substrata. These findings are consistent 

with previously published reports that show EZH2 plays a role in the regulation of both E-cadherin and 

αSMA gene expression and add to our understanding of the regulation of these EMT markers by matrix 

mechanical properties. 

Previous studies have suggested a positive correlation between cell proliferation and high EZH2 levels in 

cancer cells (Bachmann et al., 2006; Yomtoubian et al., 2020) and that cancer cells cultured in a stiff 

microenvironment exhibit increased proliferation in comparison to when they are cultured within a soft 

environment (Sankhe et al., 2024; Schrader et al., 2011). We observe a decrease in total EZH2 levels with 

an increase in matrix stiffness for normal mammary epithelial cells (Fig. 1C,D), which is opposite to the 

expected trend in cell proliferation for an increase in matrix stiffness. In addition, we observe a further 

decrease in EZH2 levels in cells cultured on stiff matrices following TGFβ1 treatment in comparison to 

treatment with control vehicle. Given that TGFβ1 has growth-inhibitory effects on normal epithelial cells 

(Kurokowa et al., 1987), this observed decrease in EZH2 levels may correlate with a decrease in 

proliferation. Further studies are needed to determine the relationship between cell proliferation and EZH2 

levels as a function of TGFβ1 treatment and matrix stiffness. 

During cancer progression, cells present in the tumor microenvironment, such as cancer associated 

fibroblasts, are responsible for increased deposition of extracellular matrix that promotes an increase in 

tissue stiffness (Martinez-Vidal et al., 2021). Increased collagen density, crosslinking, and fiber alignment 

is also associated with poor prognosis in cancer and together contribute to stiffening of the matrix (Conklin 

et al., 2011; Hanley et al., 2016; Provenzano et al., 2006). Therefore, collagen content and matrix 

crosslinking are potential targets for attenuating matrix stiffening and subsequent EZH2 nuclear 

translocation and activation of EMT. Furthermore, mechanical stresses in the tumor microenvironment can 

vary for individual cells, therefore EZH2 localization and H3K27me3 levels may vary at the single cell 

level within tumors. This could promote gene expression differences between cells within a tumor and 

contribute to intratumor heterogeneity. Thus, these findings could potentially inform future three-

dimensional spatial single cell transcriptome studies. 
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A potential clinical implication of our findings is that cancer cells may exhibit differential sensitivities to 

EZH2 inhibition depending on the mechanical properties of their microenvironment. For example, cells in 

a soft microenvironment with low levels of nuclear EZH2 may be less sensitive to EZH2 inhibition than 

cells in a stiff microenvironment in the presence of TGFβ1 that have high nuclear EZH2 levels. 

Pharmacological inhibition of EZH2 significantly reduces the metastatic potential of luminal B breast 

cancer cells (Hirukawa et al., 2018). Furthermore, EZH2 inhibition enhances the efficacy of chemotherapy 

drugs in triple negative breast cancer cells of the mesenchymal subtype (Lehmann et al., 2021). One study 

identified a mesenchymal subtype of triple negative breast cancer cells with high EZH2 expression, 

enhanced invasion, and increased sensitivity to EZH2 inhibition compared to a luminal androgen receptor 

subtype (Yomtoubian et al., 2020). Another study found that synthetic gene activators that bind H3K27me3 

can activate tumor suppressor genes and reduce triple-negative breast cancer invasion (Hong et al., 2023). 

These studies suggest that inhibition of EZH2 is a promising treatment approach for targeting cancer 

invasion and cancer cells of the mesenchymal subtype. Nonetheless, in order to improve therapeutic 

efficacy further studies are needed to elucidate how the mechanical properties of tumors may influence the 

epigenomic state and phenotype of cancer cells and the sensitivity of cancer cells to epigenetic treatments. 

Overall, our findings suggest that matrix stiffness, cell contractility, and EZH2 activity may be promising 

therapeutic targets in fibrosis and cancer. 

 

Materials and methods 

Cell culture 

Normal murine mammary gland (NMuMG) epithelial cells (American Type Culture Collection ATCC 

CRL-1636) were authenticated by Genetica Cell Line Testing, a LabCorp brand, and cells tested negative 

for mycoplasma. NMuMG cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 

(v/v) fetal bovine serum (FBS, Atlanta Biologicals), 0.01% gentamicin (Gibco), and 10 μg mL-1 insulin 

(Sigma Aldrich). Madin-Darby Canine Kidney (MDCK) epithelial cells (ATCC CCL-34) were grown in 

Eagle’s Minimum Essential Medium (EMEM) with 10% FBS and 0.01% gentamicin. Cells were cultured 

in their respective medium in a 37°C incubator with 5% CO2. Prior to all treatments, complete cell medium 

was replaced with reduced serum (2% FBS) medium. Cells were treated with 10 ng mL-1 of recombinant 

human TGFβ1 (R&D Systems) to induce EMT or a vehicle control (1 mg mL-1 bovine serum albumin in 4 

mM HCl) 24 hours after cell seeding and were incubated for 48 hours prior to analysis. For inhibitor 

treatments, cells were treated with inhibitors for 1 hour prior to treatment with TGFβ1. The inhibitors 

blebbistatin (10 μM, Sigma Aldrich) and Y27632 (10 μM, Enzo Life Sciences) were diluted in dimethyl 
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sulfoxide (DMSO; Sigma), and for these experiments DMSO was used as the control vehicle. The inhibitor 

3-Deazaneplanocin (DZNep; 1 μM, Sigma Aldrich) was diluted in deionized (DI) water, and DI water was 

used as the control vehicle for these experiments.  

Polyacrylamide hydrogel synthesis 

Polyacrylamide hydrogels of varying stiffness were synthesized using an adapted protocol (Tse and Engler, 

2010). The hydrogels were composed of an acrylamide monomer (Sigma Aldrich) and bis-acrylamide 

crosslinker (Sigma Aldrich) in the presence of DI water. Polymerization was initiated using 10% w/v 

ammonium persulphate (Sigma Aldrich) and 0.05% v/v N, N, N’, N’- tetramethylenediamine (TEMED, 

Sigma Aldrich). The polyacrylamide solutions were pipetted onto glass slides treated with 0.1 N sodium 

hydroxide (Sigma Aldrich), 2% v/v aminopropyltrimethoxysilane (APTMS, Sigma Aldrich), and 

glutaraldehyde (Sigma Aldrich) and left to polymerize for 30 minutes. Polyacrylamide hydrogels are not 

cell-adhesive, so they were activated and coated with the matrix protein fibronectin prior to cell seeding. 

Activation was achieved through treatment with 0.05 mM N-sulfosuccinimidyl-6-(4’-azido-2’ 

nitrophenylamino) hexanoate (Sulfo-SANPAH, Thermo Scientific) in 0.5 M HEPES (pH 8.5) and exposure 

to 10 minutes of UV light in a CL-1000 Ultraviolet Crosslinker. This process was repeated twice. Activated 

hydrogels were rinsed with 0.5 M HEPES and incubated overnight with 0.1 μg mL-1 human fibronectin 

(BD Biosciences) at 4°C. Hydrogels were then thoroughly rinsed to remove excess fibronectin prior to 

plating cells. 

siRNA transfections 

Cells were transfected with small interfering RNA (siRNA) targeting EZH2 (#1: ID s65776, cat # 4390771; 

#2: ID s65777, cat # 4390771) and a Silencer Select Negative Control No. 1 siRNA (cat # 4390843) from 

Thermo Fisher Scientific. Briefly, cells were transfected at ~70% confluency using 10 μM siRNA and 

Lipofectamine RNAiMAX Transfection Reagent (Thermo) diluted in Opti-MEM medium (Thermo). The 

diluted siRNA and Lipofectamine were mixed in a 1:1 ratio and kept at room temperature for 5 minutes 

then added to the cells. Cells were plated to the hydrogels 24 hours after siRNA transfection, allowed to 

adhere to the hydrogels for 24 hours, and then treated with 10 ng mL-1 of recombinant human TGFβ1 (R&D 

Systems) or a vehicle control for 48 hours. 

Immunofluorescence staining 

To prepare samples for αSMA staining, cells were fixed with 1:1 methanol:acetone at -20°C. To prepare 

samples for staining of all other proteins, cells were fixed with 4% paraformaldehyde for 15 minutes at 

room temperature. Cells were permeabilized by treatment with 0.5% IGEPAL and 0.1% Triton X-100 at 
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room temperature for 10 minutes each then incubated for 1.5 hours at room temperature with a blocking 

buffer composed of 10% goat serum (Sigma Aldrich) in 1× phosphate buffered saline (PBS). Samples were 

incubated with the following primary antibodies at 4°C overnight: H3K27me3 (1:800; clone: C36B11, lot 

8 & 19; Cell Signaling Technologies cat# 9733; RRID:AB_2616029), EZH2 (1:200; clone: D2C9, lot 9; 

Cell Signaling Technologies cat# 5246; RRID:AB_10694683), E-cadherin (1:200; clone: 24E10, lot 13 & 

15; Cell Signaling Technologies cat# 3195; RRID:AB_2291471), αSMA (1:200; clone: 1A4, lot 

0000162750; Sigma cat #A5228; RRID:AB_262054), phospho-EZH2 (Thr311) (1:100, clone: F1K1B, Cell 

Signaling Technologies cat # 70303; RRID:AB_3661652), and phospho-EZH2 (Thr367) (1:100, Thermo 

Scientific cat # PIPA5106225; RRID:AB_3661651). To remove unbound primary antibody, samples were 

rinsed with 1× PBS three times for 5 minutes with gentle shaking then incubated with Alexa Fluor-

conjugated secondary antibodies (1:500 dilution, Life Technologies) for 1 hour at room temperature. To 

visualize F-actin, cells were incubated with Alexa-Fluor 594 phalloidin (Thermo) following the 

manufacturer’s protocol. Samples were treated with Hoechst 33342 (1:10,000; Life Technologies) for 15 

minutes at room temperature to visualize cell nuclei then mounted onto microscope slides with 

Fluoromount-G (Invitrogen) for imaging.  

Microscopy and image analysis 

Mounted samples were imaged using a 20× or 40× objective on a Nikon Eclipse Ti-E inverted fluorescence 

microscope equipped with a Photometrics CoolSNAP HQ2 CCD camera using NIS-Elements AR 4.13.00 

software. ImageJ version 1.53t software was used to measure integrated intensities of H3K27me3. The 

intensities were normalized to the control, and at least 50 nuclei were analyzed per sample. EZH2 

subcellular localization was determined by ratioing the integrated nuclear and cytoplasmic intensities of 

EZH2 within the cells. The integrated nuclear intensities were determined by outlining the nuclear region 

of each cell. The integrated cytoplasmic intensities were determined by first outlining the whole cell and 

calculating whole cell integrated intensities, then subtracting the nuclear intensity from the whole cell 

intensity for each cell to obtain the cytoplasmic intensity of EZH2. ImageJ software was also used to 

measure cell spread area and aspect ratio (major/minor axis) for individual cells. When calculating the 

percentage of cells expressing αSMA, a cell was considered positive for αSMA based upon integrated 

staining intensity and the presence of clearly visible αSMA fibers.  

Western blotting 

Whole cell lysates were collected from cells using RIPA buffer (Thermo) with protease and phosphatase 

inhibitors. Histones were extracted using an adapted protocol (Shechter et al., 2007). Cytoplasmic and 

nuclear fractions of protein were extracted using a Subcellular Protein Fractionation Kit according to the 
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manufacturer’s instructions (Thermo). Protein concentration was quantified using a Pierce BCA Protein 

Assay Kit (Thermo) or a Bradford protein assay using Coomassie blue reagent (Thermo). To examine 

molecular weight changes, whole cell lysates were incubated with 13 units of FastAP Thermosensitive 

Alkaline Phosphatase (1 U/μL, Thermo Fisher Scientific) for 1 hour at 37°C.  Equal amounts of protein 

were separated on NuPAGE 4-12% Bis-Tris (Thermo) or NuPAGE 3-8% Tris-Acetate (Thermo) gels and 

transferred to polyvinyl difluoride (PVDF) or nitrocellulose membranes using an XCell SureLock Mini-

Cell (Invitrogen). Membranes were blocked with 5% nonfat milk for an hour with gentle shaking and then 

incubated with the following primary antibodies overnight at 4°C: H3K27me3 (1:1000; clone: C36B11, lot 

8 & 19; Cell Signaling Technologies cat# 9733; RRID:AB_2616029), EZH2 (1:1000; clone: D2C9, lot 9; 

Cell Signaling Technologies cat# 5246; RRID:AB_10694683), E-cadherin (1:1000; clone: 24E10, lot 13 & 

15; Cell Signaling Technologies cat# 3195; RRID:AB_2291471), αSMA (1:1000; clone: 1A4, lot 

0000162750; Sigma cat #A5228; RRID:AB_262054), vimentin (1:1000; clone: D21H3; Cell Signaling 

Technologies cat# 5741; RRID:AB_10695459), N-cadherin (1:1000; clone: 13A9; Cell Signaling 

Technologies cat# 14215S; RRID:AB_2798427), H3 (1:1000; clone: 1B1B2, lot 7 & 8; Cell Signaling 

Technologies cat# 14269; RRID:AB_2756816), phospho-EZH2 (Thr311) (1:1000, clone: F1K1B, Cell 

Signaling Technologies cat # 70303; RRID:AB_3661652), GAPDH (1:1000; clone: D16H11, lot 8; Cell 

Signaling Technologies cat# 5174; RRID:AB_10622025), and α-tubulin (1:1000; clone: DM1A, lot 

2407525; Thermo cat# 62204; RRID:AB_1965960). Membranes were incubated with IRDye secondary 

antibodies (1:10,000; Li-COR Biosciences cat# 926-32210 and 925-68071; RRID: AB_621842 and 

AB_2721181) for 1 hour at room temperature with gentle shaking and then imaged using a Li-COR 

Odyssey CLx imager. ImageJ software was used to perform densitometric analysis of the blots. Normalized 

protein expression was quantified by dividing the intensity of the bands for the target protein by the intensity 

of the bands in the loading control. Relative protein levels were determined by dividing the normalized 

intensity of each sample by the intensity of the control for each experiment. Raw western blot images are 

shown in Fig. S5.  

Statistical analysis 

At least three trials with distinct samples were performed for each experiment. In the bar graphs, data are 

presented as mean ± standard error of the mean (s.e.m.). An analysis of variance followed by a Tukey-

Kramer post hoc test using MATLAB was used to determine statistical differences. Data describing cell 

morphology are displayed as individual points overlaid by the mean ± s.e.m. with at least 150 cells analyzed 

across three different experiments. For data (cell spread area and aspect ratio measurements) that are not 

normally distributed as determined by the D’Agostino & Pearson, Anderson-Darling, Shapiro-Wilk, and 

Kolmogorov-Smirnov normality tests, the non-parametric Kruskal-Wallis with Dunn’s post hoc analysis 
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was performed using the measurements from all 150 cells using GraphPad Prism version 9.5.1. Differences 

were considered significant for p <0.05.  
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Figure legends 

 

Figure 1. EZH2 subcellular localization is regulated by matrix stiffness. (A) Immunofluorescence 

staining for EZH2 in NMuMG cells cultured on 300 Pa and 6300 Pa substrata and treated with TGFβ1 or a 

vehicle control. Scale bars: 25 µm. (B) Ratio of nuclear:cytoplasmic EZH2 quantified from 

immunofluorescence images shown in panel A. Data represent mean ± s.e.m and each data point represents 

the average nuclear:cytoplasmic ratio of at least 50 cells for 3 independent experiments; *p<0.05, **p<0.01. 

(C) Western blot for EZH2 from whole cell, cytoplasmic, and nuclear protein extracts of NMuMG cells as 

a function of matrix stiffness and treatment with TGFβ1 or a vehicle control.  Densitometric analysis of 

western blot shown in panel C quantifying relative (D) whole cell, (E) cytoplasmic, and (F) nuclear EZH2 

levels. Relative levels are reported normalized to the control vehicle treated cells cultured on 300 Pa 

substrata. Data represent mean ± s.e.m and each data point represents relative protein levels for 3 

independent experiments; *p<0.05, **p<0.01, ***p<0.001. (G) Western blot for H3K27me3 from NMuMG 

cells as a function of matrix stiffness and treatment with TGFβ1 or a vehicle control. (H) Densitometric 

analysis of western blot shown in panel G reporting relative levels of H3K27me3 in comparison to the 

control vehicle treated cells cultured on 300 Pa substrata. Data represent mean ± s.e.m. and each data point 

represents relative HeK27me3 levels for 3 independent experiments; *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 2. Matrix stiffness and TGFβ1 regulate phosphorylation of EZH2. (A) Western blot for EZH2 

in NMuMG cells cultured on 300 Pa or 6300 Pa substrata treated with TGFβ1 or a vehicle control and 

incubated with or without alkaline phosphatase. (B) Quantification of the relative change in molecular 

weight of EZH2 from western blot in panel A. *p<0.05, **p<0.01, ***p<0.001. (C) Western blot for 

pEZH2-T311 and EZH2 in NMuMG cell cultured on 300 Pa or 6300 Pa substrata treated with TGFβ1 or a 

vehicle control. (D) Densitometric quantification of western blot shown in panel C. **p<0.01. (E) 

Immunofluorescence staining for pEZH2-T311 in NMuMG cells cultured on 300 or 6300 Pa substrata and 

treated with TGFβ1 or a vehicle control. Scale bars: 25 µm. (F) Ratio of nuclear:cytoplasmic pEZH2-T311 

levels quantified from immunofluorescence images shown in panel E. ****p<0.0001. (G) 

Immunofluorescence staining for pEZH2-T367 in NMuMG cells cultured on 300 or 6300 Pa substrata and 

treated with TGFβ1 or a vehicle control. Scale bars: 25 µm. (H) Ratio of nuclear:cytoplasmic pEZH2-T367 

levels quantified from immunofluorescence images shown in panel G. Data for all panels represent mean ± 

s.e.m. for 3 independent experiments; ****p<0.0001. 

 

Figure 3. Inhibiting EZH2 activity reduces TGFβ1-induced changes in H3K27me3 levels and EMT 

in cells cultured on stiff substrata. (A) Western blot for H3K27me3 in NMuMG cells cultured on 300 Pa 
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or 6300 Pa substrata and treated with DZNep or a water control prior to TGFβ1 treatment. (B) Densitometric 

analysis of western blot shown in panel a. Data represent mean ± s.e.m. and each data point represents 

relative H3K27me3 levels for 3 independent experiments; *p<0.05; ***p<0.001. (C) Immunofluorescence 

staining for the epithelial marker E-cadherin (red), the mesenchymal marker αSMA (green), and nuclei 

(blue) in NMuMG cells as a function of matrix stiffness, DZNep, and TGFβ1 treatment. Scale bars: 25 µm. 

Quantification of (D) cell spread area and (E) aspect ratio as a function of treatment condition and matrix 

stiffness. Data points represent measurements from individual cells (>150 per condition) and the mean ± 

s.e.m. are shown for 3 independent experiments. ****p<0.0001. (F) Quantification of the percentage of 

cells expressing αSMA from immunofluorescence images shown in panel C. Data represent mean ± s.e.m. 

and each data point represents 3 independent experiments; ***p<0.001. (G) Western blot for the epithelial 

marker E-cadherin and the mesenchymal markers αSMA, vimentin, and N-cadherin in NMuMG cells as a 

function of matrix stiffness, DZNep, and TGFβ1 treatment. Densitometric analysis of western blot shown 

in panel G for (H) E-cadherin, (I) αSMA, (J) vimentin, and (K) N-cadherin levels. Each data point represents 

the relative protein level. Data are normalized to the 300 Pa vehicle control treated sample.  Data represent 

mean ± s.e.m. for 3 independent experiments; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure 4. siRNA knockdown of EZH2 attenuates TGFβ1-induced changes in H3K27me3 levels and 

EMT in cells cultured on stiff substrata. (A) Western blot for EZH2 in NMuMG cells following 

transfection with a control siRNA and siRNA targeting EZH2. (B) Densitometric analysis of western blot 

shown in panel A. Data represent mean ± s.e.m. and each data point represents protein levels relative to the 

Control siRNA sample for 3 independent experiments; ***p<0.001. (C) Western blot for H3K27me3 in 

NMuMG cells transfected with a control or EZH2 siRNA and as a function of matrix stiffness and TGFβ1 

treatment. (D) Densitometric analysis of western blot shown in panel C for relative H3K27me3 levels. Data 

represent mean ± s.e.m. and each data point represents H3K27me3 protein levels relative to the 300 Pa 

Control siRNA + Control sample for 3 independent experiments; *p<0.05, **p<0.01, ***p<0.001. (E) 

Immunofluorescence staining for the epithelial marker E-cadherin (red), the mesenchymal marker αSMA 

(green), and nuclei (blue) in NMuMG cells transfected with a control or EZH2 siRNA and as a function of 

matrix stiffness and TGFβ1 treatment. Scale bars: 25 µm. Quantification of (F) cell spread area and (G) 

aspect ratio as a function of matrix stiffness and treatment condition. Data points represent measurements 

from individual cells (>150 per condition) and the mean ± s.e.m. are shown for 3 independent experiments. 

****p<0.0001. (H) Quantification of the percentage of cells expressing αSMA from immunofluorescence 

images shown in panel E. Data represent mean ± s.e.m. for 3 independent experiments; ***p<0.001. (I) 

Western blot for E-cadherin, αSMA, N-cadherin, and vimentin in NMuMG cells transfected with a control 

or EZH2 siRNA as a function of matrix stiffness and TGFβ1 treatment. Densitometric analysis of western 
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blot shown in panel I for relative (J) E-cadherin, (K) αSMA, (L) N-cadherin, and (M) vimentin levels. Data 

represent mean ± s.e.m. for 4 (J) or 3 (K, L, M) independent experiments; *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 5. Inhibiting ROCK signaling with Y27632 attenuates TGFβ1-induced EZH2 nuclear 

translocation in cells cultured on stiff substrata. (A) Immunofluorescence staining for EZH2 in NMuMG 

cells cultured on 300 or 6300 Pa substrata and treated with Y27632 or a DMSO control prior to TGFβ1 

treatment. Scale bars: 25 µm. (B) Ratio of nuclear:cytoplasmic EZH2 levels quantified from 

immunofluorescence images shown in panel A. Data represent mean ± s.e.m. for 3 independent 

experiments; ***p<0.001. (C) Western blot for EZH2 present in cytoplasmic and nuclear protein extracts 

in NMuMG cells as a function of matrix stiffness, Y27632, and TGFβ1 treatment. Densitometric analysis 

of western blot shown in panel C quantifying (D) cytoplasmic and (E) nuclear EZH2 protein levels relative 

to the 300 Pa DMSO + Control sample. Data represent mean ± s.e.m. for 3 independent experiments; 

*p<0.05, **p<0.01, ***p<0.001. (F) Western blot for H3K27me3 in NMuMG cells as a function of matrix 

stiffness, Y27632, and TGFβ1 treatment. (G) Densitometric analysis of western blot shown in panel F. Data 

represent mean ± s.e.m. for 3 independent experiments; **p<0.01; ***p<0.001. 

 

Figure 6. Matrix stiffness and cell contractility regulate EZH2 subcellular localization, H3K27me3 levels, 

and gene expression in response to TGFβ1. 
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