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Supplementary Material/Supporting Information 

Fig. S1│Representative force-indentation curves including the fit of the Hertzian model 

obtained by atomic force microscopy. 

The curves for 0.4, 1.2, 2.3, 25, 61, 83, 134, and 271 kPa polyacrylamide gels are shown. Light blue: 

extended curve; dark blue: retract curve; green: fit curve of the Hertzian model. 

 

 

 

 



 
Fig. S2│Blot transparency  

(A–F) Full unedited blots for Fig. 1E (A), Fig. 2E (B), Fig. 3E (C), Fig. 4E (D), Fig. 5B (E), and Fig. 

5D (F).  

 

  



 

Fig. S3│Stiff substrates promote the nuclear localization of 2P-MRLC in various cells.  

(A–C) Representative immunofluorescent images of 2P-MRLC and nucleus in A431 cells (A), A549 

cells (B), human umbilical vein endothelial cells (HUVECs) (C), and mesenchymal stem cells (MSCs) 

(D) on soft (0.4 kPa) or stiff (271 kPa) polyacrylamide hydrogel substrates. Scale bars are 20 µm.  

  



 
Fig. S4│Small interfering RNA (siRNA)-mediated knockdown of ZIPK and MRLC. 

(A) Relative mRNA expression of ZIPK/glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

determined via quantitative polymerase chain reaction (qPCR) in HeLa cells on stiff plastic substrates 

after transfection with the negative control of siRNA (control) or siRNA targeting ZIPK (siZIPK). (B) 

Western blots (left) and quantification (right) for ZIPK levels in HeLa cells on plastic substrates after 

transfection with the negative control of siRNA (control) or siRNA targeting ZIPK (siZIPK). n = 3 

independent experiments. Bars represent the mean ± SEM. (C) Relative mRNA expression of MYL9, 

MYL12A, or MYL12B/GAPDH determined via qPCR in HeLa cells after transfection with the 

negative control of siRNA (control) or siRNA targeting MRLC (siMRLC). (D) Western blots (left) 

and quantification (right) of total-MRLC and 2P-MRLC levels in HeLa cells on stiff plastic substrates 

after transfection with the negative control siRNA (control) or siRNA targeting MRLC (siMRLC). (E–

F) Relative mRNA expression of MYL9, MYL12A, or MYL12B/GAPDH determined via qPCR in 

A431 (E) and A549 (F) cells on stiff plastic substrates after transfection with the negative control of 

siRNA (control) or siRNA targeting MRLC (siMRLC). (G) Relative mRNA expression of MYL9, 



MYL12A, or MYL12B/s18 determined via qPCR in MSCs on stiff plastic substrates after transfection 

with the negative control of siRNA (Control) or siRNA targeting MRLC (siMRLC). n = 3 experiments 

except (B) and (D). n = 1 experiment in (B) and (D). Bars represent the mean ± standard error of the 

mean (SEM). Statistical significance determined using an Welch’s t-test except (B). *Statistical 

significance was determined with a 95% confidence interval in (B). 

  



 

Fig. S5│DAPK1 does not affect the nuclear localization of 2P-MRLC. 

(A) Relative mRNA expression of DAPK1/GAPDH determined via qPCR in HeLa cells on stiff glass 

substrates coated with collagen-I after transfection with the negative control of siRNA (control) or 

siRNA targeting DAPK1 (siDAPK1). n = 3 experiments. Statistical significance determined using an 

unpaired t-test. Bars represent the mean ± SEM. (B) Representative immunofluorescent images of 2P-

MRLC and nucleus in HeLa cells on stiff glass substrates coated with collagen-I after transfection 

with the negative control of siRNA (control) or siRNA targeting DAPK1 (siDAPK1). (C) 

Quantification of the fluorescent intensity of 2P-MRLC in the nucleus relative to the cytosol from (B). 

n = at least 40 cells in two independent experiments. Scale bars are 20 µm. Bars represent the mean ± 

SEM.  

  



 
Fig. S6│Myosin light-chain kinase (MLCK), Rho-associated protein kinase (ROCK), or myosin-

II activity does not affect the nuclear localization of 2P-MRLC. 

 (A–C) Representative immunofluorescent images of 2P-MRLC and nucleus (left) and quantification 

of the fluorescent intensity of 2P-MRLC in the nucleus relative to that in the cytosol (right) in HeLa 

cells on stiff glass substrates coated with collagen-I after treatment with or without ML-7 (A), Y27632 

(B), and blebbistatin (C). Scale bars are 20 µm. n = at least 60 cells in three independent experiments. 

Bars represent the mean ± SEM. Statistical significance determined using an unpaired t-test. n.s., not 

significant.  

 

 

 

 

 

 



Fig. S7│Inhibition of ZIPK suppresses its nuclear localization. 

(A) Representative western blots of the nuclear and cytosolic extracts of HeLa cells on stiff plastic 

(>1MPa) substrates coated with collagen-I after treatment with DMSO (control) or ZIPK inhibitor 

using anti-ZIPK, anti-α-tubulin , and anti-LaminA/C antibodies. (B) Relative ZIPK expression of (A). 

Ratio of ZIPK to internal control is shown. LaminA/C and α-tubulin were used as the internal controls 

for nuclear and cytosolic extracts, respectively. n = 1 experiment. 

  



 
Fig S8│First screening to determine the genes whose expression is regulated by nuclear 2P-

MRLC. 

(A–C) Relative mRNA expression of the target-gene/GAPDH in HeLa cells on stiff (271 kPa) relative 

to soft (0.4 kPa) polyacrylamide hydrogel substrates (A), on stiff plastic substrates after treatment with 

dimethyl sulfoxide (DMSO) (control) relative to ZIPK inhibitor (B), and on stiff plastic substrates 

after transfection with the negative control of siRNA (Control) relative to siRNA targeting MRLC 

(siMRLC) (C). n = 1 experiment.  

  



 

Fig. S9│2P-MRLC localized to the nucleus of cells that constitute pancreatic cancer or P1 male 

mouse spinal cord.  

(A) Tissue sections from pancreatic cancer developed in the KPC model were stained with 

hematoxylin and eosin (H&E, left upper panel) and 2P-MRLC (left lower panel). Boxed regions (a–

d) were magnified in adjacent panels. Arrows indicate the cells in which weak to moderate nuclear 

2P-MRLC signals were observed. (B) Immunohistochemical staining image of 2P-MRLC in P1 male 

mouse spinal cord. Arrows indicate the cells in which nuclear 2P-MRLC signals were observed. 

  



 

 

 

 



 

 

Table S1│Surface stiffness of polyacrylamide gels.  

The surface stiffness of polyacrylamide gels was measured using atomic force microscopy (AFM). A 

maximum of 64 spots (271 kPa) or 16 spots (0.4, 1.2, 2.3, 25, 61, 83 and 134 kPa) were measured in 

a 1-µm2 range per observation. Spots that could not be measured were excluded. 

  



 
Table S2│Primers for real-time quantitative polymerase chain reaction (qPCR) analysis. 

 

 


