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High extracellular glucose promotes cell motility 
by modulating cell deformability and contractility 
via the cAMP-RhoA-ROCK axis in human breast 
cancer cells

ABSTRACT The mechanical properties, or mechanotypes, of cells are largely determined by 
their deformability and contractility. The ability of cancer cells to deform and generate contrac-
tile force is critical in multiple steps of metastasis. Identifying soluble cues that regulate cancer 
cell mechanotypes and understanding the underlying molecular mechanisms regulating these 
cellular mechanotypes could provide novel therapeutic targets to prevent metastasis. Although 
a strong correlation between high glucose level and cancer metastasis has been demonstrat-
ed, the causality has not been elucidated, and the underlying molecular mechanisms remain 
largely unknown. In this study, using novel high-throughput mechanotyping assays, we show 
that human breast cancer cells become less deformable and more contractile with increased 
extracellular glucose levels (>5 mM). These altered cell mechanotypes are due to increased F-
actin rearrangement and nonmuscle myosin II (NMII) activity. We identify the cAMP-RhoA-
ROCK-NMII axis as playing a major role in regulating cell mechanotypes at high extracellular 
glucose levels, whereas calcium and myosin light-chain kinase (MLCK) are not required. The 
altered mechanotypes are also associated with increased cell migration and invasion. Our 
study identifies key components in breast cancer cells that convert high extracellular glucose 
levels into changes in cellular mechanotype and behavior relevant in cancer metastasis.

these receptors are prime targets for the treatment of other, more 
prominent, breast cancer subtypes (Lyons, 2019). TNBC is the most 
aggressive subtype, characterized by the highest rate of distant 
metastasis and the shortest overall survival (Carey et al., 2007; 
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INTRODUCTION
The triple-negative breast cancer (TNBC) subtype is characterized 
by the lack of expression of estrogen receptor (ER) and progester-
one receptor (PR), as well as the absence of HER2 overexpression. 
This limits the development of targeted therapy for this subtype, as 
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Núñez Abad et al., 2021). Development of novel therapeutic strate-
gies to suppress metastasis is urgently needed to improve the cur-
rent treatment outcomes in TNBC patients.

Epidemiologic evidence shows the association between obesity 
and certain cancers including breast cancer (Giovannucci et al., 2010; 
Sarfati et al., 2016). In 2021, the World Gastroenterology Organiza-
tion declared obesity as a pandemic (The Lancet Gastroenterology 
and Hepatology, 2021) and there has been a rising global interest in 
defining the biological mechanisms shared between cancer and 
obesity. A recent meta-analysis study has shown the strong negative 
prognostic role of obesity in TNBC (Harborg et al., 2021), and the 
association between TNBC and obesity is reviewed elsewhere (Sun 
et al., 2017). Due to the distinctive presence of adipose-rich connec-
tive tissue known as the mammary fat pad within breast tissue (Choi 
et al., 2018), adipocyte-secreted factors such as growth factors and 
adipokines have been heavily investigated and now characterized as 
molecular mediators connecting obesity and breast cancer progres-
sion (Wu et al., 2019; Bhardwaj and Brown, 2021; Zhao et al., 2020; 
Zhang et al., 2022). However, in addition to adiposopathy, obesity is 
also accompanied by elevated blood glucose levels, known as hy-
perglycemia (Martyn et al., 2008). Glucose is an essential fuel for 
nearly all cell types, and blood glucose levels are tightly regulated to 
ensure metabolic homeostasis (Nordlie et al., 1999). Glucose also 
plays a critical role in cancer cell metabolism, as described by the 
Warburg effect (Liberti and Locasale, 2016), where cancer cells up-
take glucose as their main energy source to support increased gly-
colysis. Indeed, high glucose levels promote aggressiveness of 
breast cancer cells, which includes increased cell proliferation 
(Okumura et al., 2002; Sun et al., 2019), drug resistance (Qiu et al., 
2021), and motility (Sun et al., 2019; Takatani-Nakase et al., 2014). 
Because TNBC is highly metastatic and glucose regulates breast can-
cer cell behavior, there is an urgent need to understand the mole-
cular mechanisms by which high glucose level enhances TNBC cell 
invasion, and ultimately metastasis, in order to devise novel thera-
peutic options for this hard-to-target breast cancer subtype.

Metastasis is a multistep process that includes invasion of the 
basement membrane, intravasation, survival in circulation, extrava-
sation, and colonization of a secondary tumor site (Hapach et al., 
2019; Welch and Hurst, 2019). Recent studies have demonstrated 
that cell mechanotypes play a critical role in multiple stages of me-
tastasis (Kumar and Weaver, 2009; Follain et al., 2020). Two key 
components involved in metastasis are cell deformability and con-
tractility, which are defined as the ability of cancer cells to deform 
and to generate contractile forces, respectively. Cancer cells that are 
more deformable or “softer” are more metastatic (Ochalek et al., 
1988; Liu et al., 2020), and cancer cells with increased traction forces 
tend to be more invasive (Okeyo et al., 2009; Kraning-Rush et al., 
2012). In contrast, we discovered that activation of β-adrenergic re-
ceptor (βAR) signaling in various cancer cells resulted in increased 
cell stiffness and contractility, which are positively correlated with 
increased migration and invasion (Kim et al., 2016). Others have also 
demonstrated that stiffer cells can be more invasive in particular 
cancer types (Ekpenyong et al., 2012; Monzo et al., 2021), suggest-
ing that the relationship between cancer cell mechanotypes and 
invasion may be context-dependent. Because cell mechanotype 
plays a critical role in controlling cancer cell invasion, we aim to in-
vestigate the effects of high glucose concentration on cancer cell 
mechanotypes as well as the underlying molecular mediators.

In this study, we show that high glucose decreases deformability 
and increases contractility of breast cancer cells in vitro via increased 
filamentous actin (F-actin) levels and nonmuscle myosin II (NMII) activ-
ity. These altered mechanotypes are associated with increased cell 

migration and invasion, which is consistent with our βAR study (Kim 
et al., 2016). On a molecular level, we have discovered that the activa-
tion of the RhoA-ROCK-NMII axis is needed to translate high extracel-
lular glucose levels into cell mechanotype changes, whereas calcium 
ion–dependent myosin light-chain kinase (MLCK) and Rac1-depen-
dent p21-activated kinase 1 (PAK1) are not involved. We also report 
that increased intracellular cyclic adenosine monophosphate (cAMP) 
levels activate the RhoA-NMII axis, implying that the cAMP pathway 
is involved in the regulation of cell mechanotypes. These results pro-
vide a basis for future studies to identify therapeutic targets to sup-
press hyperglycemia-induced TNBC metastasis in preclinical models.

RESULTS
Breast cancer cells become less deformable and more 
contractile with an increase in extracellular glucose levels
High glucose levels promote migration and invasion of breast cancer 
cells in vitro (Takatani-Nakase et al., 2014; Sun et al., 2019). However, 
the underlying molecular mechanisms are not fully understood. Be-
cause cellular mechanotypes dictate cell motility (Blanchoin et al., 
2014), we investigated whether high extracellular glucose levels alter 
breast cancer cell mechanotypes, including cell deformability and 
contractility. During metastasis, cancer cells experience elevation of 
glucose concentrations, as glucose diffuses from blood circulation 
(∼5 mM) to peripheral tissues (∼1–2 mM; Hirayama et al., 2009). In-
deed, breast cancer cells exhibit heterogeneity in their intracellular 
glucose levels in vivo: cancer cells in the tumor boundary exhibit 
high intracellular glucose levels, whereas cancer cells in the tumor 
core exhibit low intracellular glucose levels (Kondo et al., 2021). To 
mimic this physiological condition in vitro, we depleted extracellular 
glucose by cultivating human breast cancer cell lines in 5.5-mM glu-
cose media for 48 h. During this glucose starvation, cells proliferate 
and consume glucose, resulting in depletion of glucose from culture 
media (Supplemental Figure S1A). When cells experience less than 1 
mM of glucose in culture media, we change the culture media to 
treat cells with different glucose concentrations. Therefore, in our 
experimental system, breast cancer cells experience increases in glu-
cose concentrations, which mimic the early metastasis steps in vivo.

Nonmalignant mammary epithelial cells (MCF10A), noninvasive 
luminal-type breast cancer cells (MCF7), and invasive basal-type 
TNBC cells (MDA-MB-231), as well as their highly metastatic variant, 
MDA-MB-231/HM cells (Chang et al., 2008) were treated with differ-
ent concentrations of D-glucose, reflecting peripheral tissue (1 mM), 
blood (5 mM), hyperglycemic (11 mM), and standard culture condi-
tions (25 mM). Because glucose deprivation induces cancer cell death 
(Palorini et al., 2013; Chen et al., 2020), we measured cell viability and 
cell cycle after 24 h treatment of different glucose levels in MCF7, 
MDA-MB-231, and MDA-MB-231/HM cells. Cell viability was not 
changed with low glucose levels (Supplemental Figure S1B), and we 
observed cell cycle arrest only in MDA-MB-231/HM cells treated with 
1 mM glucose for 24 h (Supplemental Figure S1C). All three breast 
cancer cell lines tested showed a decrease in whole cell deformability 
with an increase in glucose concentrations measured by parallel mi-
crofiltration (PMF) assay (Figure 1A) in a concentration-dependent 
manner, whereas the deformability of MCF10A was not changed 
(Figure 1C). No changes in cell size with high glucose levels were ob-
served, suggesting that the increased retention in the PMF assay is 
due to reduced whole cell deformability (Supplemental Figure S2A). 
Because glucose is metabolized by glycolysis following its uptake, 
we inhibited glycolysis using 2-deoxy-D-glucose (2DG), which inhibits 
the key glycolysis enzymes hexokinase and glucose-6-phosphate 
isomerase (Wick et al., 1957). Inhibition of glycolysis diminished the 
cell-stiffening effect of high glucose in TNBC cells (Figure 1C). We 
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focused on investigating the invasive MDA-MB-231 cells in the follow-
ing experiments, as cell mechanotypes are important in these meta-
static cell types specifically. Next, we measured another important cell 
mechanotype, whole cell contractility, using fluorescent elastomeric 
contractible surfaces (FLECS) assay (Figure 1B). Compared with 1 mM 
glucose, we observed significantly increased whole cell contractility 
from MDA-MB-231 cells treated with 5 mM and 25 mM of glucose 
(Figure 1, D and E). Inhibition of glycolysis with 2DG resulted in dimin-
ished effects of high glucose on whole cell contractility (Figure 1, D 

and E), suggesting that glycolysis is required for these mechanotype 
changes. Taken together, these data suggest that breast cancer cells 
change their mechanotypes–decreased deformability and increased 
contractility–with elevated extracellular glucose levels.

High glucose increases nonmuscle myosin II activity and 
F-actin levels
Actin and myosin filaments assemble structures forming actomyosin 
filaments, which play a pivotal role in regulating cellular force 

FIGURE 1: Altered mechanotypes of breast cancer cells at different glucose levels. (A) Schematic illustration of 
whole-cell deformability measurement using PMF. Less deformable, or stiffer, cells occlude membrane pores, resulting in 
a higher retention rate. (B) Schematic illustration of whole-cell contractility measurement using FLECS. (C) Using PMF, 
the deformability of cells treated with high glucose for 3 h was measured. Less deformable, or stiffer, cells occlude the 
membrane pores, resulting in a higher retention rate. Error bars represent mean ± SEM. (D) Using FLECS, the 
contractility of MDA-MB-231 cells treated with high glucose for 3 h was measured. More contractile cells induce higher 
displacement of the fluorescence-labeled micropatterns, resulting in smaller pattern sizes. Scale bar, 10 μm. 
(E) Quantitation of single-cell adhered micropattern sizes (n = 58). The center line denotes the median value. The 
whiskers show the 10–90th percentiles. Statistical significance was determined by a one-way ANOVA test (ns, not 
significant; *, p < 0.05; **, p < 0.01, ****, p < 0.0001). A and B were created with BioRender.com.
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generation and cell migration (Murrell et al., 2015). Previously, we 
have demonstrated that increased F-actin levels and myosin activity 
confer increased breast cancer cell stiffness and contractility upon 

FIGURE 2: High glucose levels increase myosin activity and F-actin levels. (A) Nonmuscle 
myosin activity after glucose treatment for 3 h was measured by probing the phosphorylation 
level of myosin light chain 2 (MLC2). Quantified band intensity with statistical test is shown 
below (n = 3). (B) pMLC2 level was measured at the indicated time points after 25 mM glucose 
treatment. Quantified band intensity with statistical test is shown below (n = 3). Statistical 
significance was determined by unpaired t test. (C) Representative confocal microscopy images 
of MDA-MB-231 cells treated with different glucose levels for 3 h. Scale bar, 20 μm. F-actin 
intensity normalized to cell number is shown on the right panel (n = 4). (D) To compare the 
subcellular localization of pMLC2 (green) and F-actin (red), fluorescence intensity of each target 
in a marked region (white line) was analyzed using line intensity profiles (below each image). 
Pearson’s correlation coefficient representing colocalization efficiency is denoted. Scale bar, 
10 μm. All error bars represent mean ± SEM. Unless otherwise stated, all statistical significance 
was determined by one-way ANOVA test (ns, not significant; *, p < 0.05; **, p < 0.01; 
***, p < 0.001; ****, p < 0.0001).

activation of β-adrenergic signaling (Kim 
et al., 2019, 2016). When MDA-MB-231 
cells were treated with increasing concen-
trations of glucose, phosphorylation of non-
muscle myosin regulatory light chain 2 
(MLC2), which regulates the activity of NMII, 
was increased in a concentration-depen-
dent manner (Figure 2A). Similarly, phos-
phorylation of MLC2 was increased with 
high glucose levels in a concentration-de-
pendent manner in MDA-MB-231/HM and 
MCF7 cells (Supplemental Figure S2, D and 
E). Interestingly, while >5 mM glucose in-
creased pMLC2 levels compared with 1 mM 
glucose in MCF10A cells (Supplemental 
Figure S2F), concentration dependency was 
not observed in this nontumorigenic cell 
type, suggesting less dependence on glu-
cose. Glucose-induced myosin activation in 
MDA-MB-231 cells was greatest at 3 h and 
decreased in 24 h (Figure 2B). In contrast to 
MDA-MB-231 cells, no significant change in 
whole cell contractility was observed from 
MCF10A cells treated with high glucose 
(Supplemental Figure S2C) despite the sig-
nificant increase in pMLC2 level (Supple-
mental Figure S2F). Similarly, the whole cell 
contractility of MDA-MB-231/HM cells was 
not altered by high-glucose treatment (Sup-
plemental Figure S2B). Because the basal 
expression level of MLC2 is significantly low 
in MDA-MB-231/HM and MCF10A cells 
compared with that in MDA-MB-231 cells 
(Supplemental Figure S4, G and, H), we 
speculate that MDA-MB-231/HM and 
MCF10A cells were incapable of generating 
enough force to contract the substrate of 
FLECS device despite the significant in-
crease in pMLC2 activity (Supplemental 
Figure S2, D and F).

Next, we measured F-actin levels in 
breast cancer cell lines as well as in MCF10A 
cells treated with different glucose levels. 
Similarly to the activation of myosin, cellular 
F-actin levels were increased in a glucose 
concentration–dependent manner after 
glucose treatment for 3 h in MDA-MB-231 
cells (Figure 2C) and such an increase in 
F-actin levels was still observed at a later 
time point (24 h) in both MDA-MB-231 
and MDA-MB-231/HM cells (Supplemental 
Figure S3, A and B). For an unbiased mea-
surement of cellular F-actin levels, F-actin 
was stained with fluorescent dye–conju-
gated phalloidin, followed by quantitative 
fluorescence measurement using high-con-
tent image analysis. The F-actin levels 
per cell were significantly increased with 
increased glucose concentrations (Supple-

mental Figure S3, A and B) without changing gene expression 
levels (Supplemental Figure S3C), suggesting that increased F-actin 
levels are regulated at the posttranscriptional level. Further 
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investigation using images obtained from confocal microscopy re-
vealed that F-actin levels increase in high glucose–treated cells in 
both cytoplasmic and cortical regions (Supplemental Figure S3B). 
High glucose–induced F-actin polymerization was observed only in 
breast cancer cell lines (Supplemental Figure S3, E and F), and no 
changes were observed in MCF10A cells (Supplemental Figure 
S3G). Interestingly, the basal F-actin level was higher in MDA-
MB-231/HM cells than in MDA-MB-231 cells (Supplemental Figure 
S4F) without differences in gene expression level (Supplemental 
Figure S4E), and the magnitude of F-actin increase between low 
and high glucose treatment was also higher in MDA-MB-231/HM 
cells than in its parental cell line of MDA-MB-231 cells (Supplemen-
tal Figure S3, A and B). To investigate whether these altered cyto-
skeletal rearrangements and myosin activity contribute to actomyo-
sin formation, we performed image analysis from F-actin and 
pMLC2 costained MDA-MB-231 cells. This revealed colocalization 
of active myosin with F-actin, suggesting the formation of actomyo-
sin fibers (Figure 2D). Taken together, these results show that high 
extracellular glucose levels enhance F-actin polymerization and 
phosphorylation of myosin light chain to increase contractility and 
stiffness in TNBC cells.

High glucose promotes migration and invasion of metastatic 
breast cancer cells
Because cellular mechanotype is strongly associated with cancer 
cell motility (Yu et al., 2020, 2022), we next measured the effect of 
high glucose levels on promoting TNBC cell migration and invasion. 
Boyden chambers without extracellular matrices were used for cell 
migration assays. MDA-MB-231 cells treated with high glucose lev-
els showed increased cell migration (Supplemental Figure S3D). To 
measure the effect of high glucose on collective cell migration, we 
used a scratch wound healing assay as previously described (Kim 
et al., 2016). Consistent with previous work by others (Sun et al., 
2019; Takatani-Nakase et al., 2014) and our transwell migration data 
(Supplemental Figure S3D), we observed that high glucose pro-
motes collective cell migration in a concentration-dependent man-
ner in both MDA-MB-231 (Figure 3, A–C) and MDA-MB-231/HM 
cells (Supplemental Figure S4A). Glucose-induced cell migration 
was diminished when glycolysis was inhibited by 2DG. Additionally, 
high glucose promoted cell invasion in both MDA-MB-231 and 
MDA-MB-231/HM cells (Figure 3, D–F; Supplemental Figure S4B). 
Interestingly, MDA-MB-231/HM cells showed faster migration 
activity than MDA-MB-231 cells (Supplemental Figure S4C), yet 

FIGURE 3: High glucose promotes cell migration and invasion. (A) Representative images from scratch wound 
migration assay of MDA-MB-231 cells (red line: initial scratch wound area; yellow: wound area; gray: area that is 
confluent with cells). Scale bar: 300 μm. (B) Relative wound density as a function of time. The dashed gray line indicates 
the time point (20 h) that is shown in (C) for a statistical test (n = 8). (D) Representative images from scratch wound 
invasion assay of MDA-MB-231 cells. (E) Relative wound density as a function of time. The dashed gray line indicates the 
time point (20 h) that is shown in (F) for statistical test (n = 8). In the box and whiskers plot, the center line denotes the 
median value and the whiskers show the 10th–90th percentiles. Statistical significance was determined by one-way 
ANOVA test (***, p < 0.001; ****, p < 0.0001).
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MDA-MB-231/HM invasion was slower than MDA-MB-231 invasion 
(Supplemental Figure S4D).

Glycolysis is required for glucose-induced mechanotype 
changes
Extracellular glucose molecules are catabolized via glycolysis imme-
diately after uptake by cells (Shin and Koo, 2021). Because high ex-
tracellular glucose level impacts breast cancer cell mechanotype 
and motility, we asked if glycolysis is required for mechanotype 
changes. First, we confirmed the expression levels of glucose trans-
porters (GLUTs) in our cell lines. GLUTs are up-regulated in breast 
cancer cells, and the overexpression of GLUT-1, -3, and -12 has 
been associated not only with the early tumorigenesis but also with 
the invasiveness and poor prognosis of breast cancer (Krzeslak et al., 
2012; Macheda et al., 2005; Medina and Owen, 2002; Pinheiro 
et al., 2011; Szablewski, 2013). Because breast cancer cells rely most 
heavily on glycolysis, which produces fewer ATP molecules per glu-
cose molecule than oxidative phosphorylation, up-regulation of 
GLUT is essential for these cells to meet the increased demand for 
glucose uptake. Indeed, GLUT1 plays a pivotal role in glucose up-
take in breast cancer cells and is the main glucose transporter in 
MCF7 and MDA-MB-231 cell lines (Grover-McKay et al., 1998; 
Wuest et al., 2018). Consistent with previous studies, our gene ex-
pression analysis confirmed that MCF7 and MDA-MB-231 cells ex-
press GLUT-1, -3, -4, and -12 (Supplemental Figure S5A; Laudański 
et al., 2003; Garrido et al., 2015; Matsui et al., 2017). GLUT1 and 
GLUT3 have high affinity for glucose molecules, with a Km value of 
1–2 mM, which allows effective facilitative glucose transport down 
its concentration gradient (Brown, 2000; Gorovits and Charron, 
2003). We observed increased glycolysis rates when extracellular 
glucose levels were increased in MDA-MB-231 (Figure 4A), MDA-
MB-231/HM (Supplemental Figure S5B), and MCF7 (Supplemental 
Figure S5C) cells, as measured by extracellular acidification. In con-
trast, glycolysis rate was not altered with increased extracellular glu-
cose levels in MCF10A cells (Supplemental Figure S5D), suggesting 
that cancer cells rely more heavily on glucose availability than non-
malignant cells. The changes in cellular glycolysis rates induced by 
different extracellular glucose levels were sustained for 10 h (Figure 
4A). A recent study has shown that increased glycolysis serves as a 
main energy source in breast cancer cell invasion, while oxidative 
phosphorylation provides basic cellular energy for sustenance of 
breast cancer cells (Fujita et al., 2020). Consistent with this study, we 
observed the highest rate of glucose-dependent glycolysis of all cell 
types tested (Supplemental Figure S5, B–D) in the highly invasive 
cancer cell line MDA-MB-231 (Figure 4A). We also observed de-
creased oxygen consumption in high extracellular glucose condi-
tions in all cell types tested (Figure 4B; Supplemental Figure S5, 
E–G), suggesting that increased glycolysis is the main driving force 
to promote cell migration in breast cancer cells.

Nonmuscle MLC2 is phosphorylated by multiple kinases, includ-
ing MLCK (Newell-Litwa et al., 2015). Therefore, we asked if high 
extracellular glucose levels activate MLC2 through the MLCK path-
way. MLCK is a Ca2+/calmodulin-dependent kinase and phosphory-
lation of MLCK at serine 1760 decreases its binding affinity to Ca2+/
calmodulin, resulting in decreased kinase activity (Raina et al., 2009). 
When we measured the intracellular Ca2+ levels and phosphorylated 
MLCK (pMLCK) levels across several glucose concentrations, we ob-
served no changes in pMLCK levels and intracellular calcium ion 
levels in MDA-MB-231 (Figure 4, C and D) and MDA-MB-231/HM 
(Supplemental Figure S6, A and B) cells across all glucose concen-
trations tested, while pMLC2 levels increased with increasing extra-
cellular glucose concentration. Inhibition of glycolysis with 2DG had 

no effect on MLCK activity and intracellular Ca2+ levels in both MDA-
MB-231 (Figure 4, C and D) and MDA-MB-231/HM (Supplemental 
Figure S6, A and B) cells. This suggests that MLCK is not involved in 
glucose-induced MLC2 activation. In addition, the glucose-induced 
increase in pMLC2 level was diminished when glycolysis was inhib-
ited by 2DG in both MDA-MB-231 (Figure 4E) and MDA-MB-231/
HM (Supplemental Figure S6C) cells, which is consistent with our 
whole-cell contractility result (Figure 1, D and E). Taken together, 
these data suggest that glycolysis is required for high glucose-in-
duced mechanotype alterations in TNBC cells, independent of 
MLCK activity.

High glucose alters the mechanotype of breast cancer cells 
via the RhoA-ROCK-NMII axis
Previous studies have reported that changes in extracellular glu-
cose levels result in global changes in gene expression levels in 
various human cell types, including breast cancer cells (Raina et al., 
2009; Hall et al., 2018; Zhang et al., 2021; Aoun et al., 2022). How-
ever, we observed the altered cell mechanotypes in breast cancer 
cells as early as 3 h after high-glucose treatment. Therefore, we 
hypothesized that the mechanotype changes are posttranscription-
ally regulated. To identify the molecular mediators, we conducted 
phosphoproteomic analysis. MDA-MB-231 cells were treated with 1 
or 25 mM of glucose for 3 h, followed by snap-freezing. We identi-
fied 659 differentially phosphorylated proteins with statistical sig-
nificance (p value < 0.05) out of the total 7868 measured phospho-
proteins in 25 mM–glucose treated cells. Consistent with our 
previous works, which have shown that βAR signaling regulates 
breast cancer cell mechanotype via RhoA GTPase and the Rho-as-
sociated coiled coil-forming kinase (ROCK) axis (Kim et al., 2016, 
2019), pathway enrichment analysis using the BioJupies system 
(Torre et al., 2018) showed that 25 and 29 differentially phosphory-
lated proteins by high glucose are involved in regulation of Rho 
GTPase and cytoskeleton organization, respectively (Supplemental 
Figure S6D). The full lists of these proteins are shown in Supple-
mental Tables 2 and 3.

We next measured the activity of RhoA GTPase in cells treated 
with high glucose. GTP-RhoA pull-down assay showed that 25 mM–
glucose treatment for 3 h resulted in about a 2.0-fold increase in 
RhoA activity in both MDA-MB-231 and MDA-MB-213/HM cells 
compared with 1 mM glucose treatment (Figure 5A; Supplemental 
Figure S6E). When RhoA is activated pharmacologically by CN03 
Rho Activator II, which constitutively activates Rho GTPase and does 
not affect the activity of Rac or Cdc42 (Flatau et al., 1997; Schmidt 
et al., 1997), increased myosin activity is observed (Figure 5B). Be-
cause RhoA activates the kinase activity of its downstream effector, 
ROCK, which in turn activates MLC2, we measured the ROCK activ-
ity and phosphorylation of MLC2 after high–extracellular glucose 
treatment. Consistent with our myosin-activation-with-high-glucose 
data (Figure 2A), we observed increased ROCK activity and phos-
phorylation of MLC2 with high glucose in a concentration-depen-
dent manner in both MDA-MB-231 (Figure 5, C and D) and MDA-
MB-213/HM cells (Supplemental Figure S6, F and G). The high 
glucose–induced activation of ROCK and MLC2 was diminished 
when glycolysis was inhibited by 2DG, or when ROCK activity was 
inhibited by Y27632 in both cell lines (Figure 5, C and D; Supple-
mental Figure S6, F and G). Cell deformability assay using PMF after 
inhibition of ROCK with Y27632 and inhibition of MLCK with ML7 
showed that ROCK inhibition diminishes the high glucose–induced 
cell stiffening effect, while MLCK inhibition had no effect on cell 
deformability (Figure 5E). Furthermore, the activation of Rho GTPase 
with CN03 induced a cell-stiffening effect that was more significant 
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under the low-glucose (1 mM) condition (Figure 5F) than under the 
high-glucose (25 mM) condition (Figure 5, E and F). The increased 
collective cell invasion by high glucose levels was blunted by ROCK 
inhibition with Y27632 in both MDA-MB-231 (Figure 5, G and H) and 
MDA-MB-231/HM (Supplemental Figure S6H) cells. Taken together, 
these data suggest that high extracellular glucose alters breast can-
cer cell mechanotypes through the RhoA-ROCK-MLC2 axis.

Modulation of cAMP level results in cell mechanotype 
changes
High extracellular glucose increases intracellular cAMP levels in 
mouse β-cells and CHO cells (Nakagawa et al., 2015; Lin et al., 
2017), and cAMP plays an important role in many physiological and 
pathological processes including cell migration (Zhang et al., 2020). 
To gain more insight into how high extracellular glucose regulates 

FIGURE 4: Glycolysis is required for myosin activation in breast cancer cells. (A) Glycolysis rate measured by 
extracellular acidification rate increases with higher extracellular glucose levels in MDA-MB-231. Extracellular 
acidification rate 3 h post–glucose injection with different glucose levels is shown in the right panel (n = 6). (B) Oxygen 
consumption rate 3 h post–glucose injection with different glucose levels (n = 6). Minimum, maximum, and median 
values are shown in box and whisker plots. (C) pMLC2 and pMLCK levels were measured by immunoblotting after 
treatment with different glucose concentrations and glycolysis inhibitor (2DG) for 3 h. Quantitation of Western blotting 
band intensity is shown on the right (n = 3). (D) Intracellular calcium ion levels were measured after treatment with 
different glucose concentrations and 2DG. (E) Representative images of pMLC2 staining in MDA-MB-231 cells treated 
with glucose for 3 h. Scale bar, 10 μm. All error bars represent mean ± SEM. Statistical significance was determined by 
one-way ANOVA test (ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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FIGURE 5: RhoA-ROCK signaling axis is activated with high-glucose treatment in MDA-MB-231 cells. (A) RhoA activity 
measured by GTP-RhoA pull-down assay with high-glucose treatment. Quantitation of the total and active RhoA protein 
is normalized to 1 mM glucose treatment (below panel). Statistical significance was determined by unpaired t test 
(n = 3). (B) pMLC2 levels after glucose or Rho activator (CN03) treatment for 3 h. Quantitation is shown below (n = 3). 
(C) Kinase activity of ROCK measured by an enzyme-based immunoassay after glucose, glycolysis inhibitor (2DG), or 
ROCK inhibitor (Y27632) treatment for 3 h (n = 3). Normalized to 1-mM treatment. (D) pMLC2 levels after glucose or 
inhibitors treatment for 3 h. Normalized to 1-mM treatment. Quantitation is shown below (n = 3). (E) Whole-cell 
deformability measured by PMF after glucose, CN03, or inhibitors treatment (ML7: MLCK inhibitor; n = 3). (F) Whole-cell 
deformability measured by PMF after glucose or Rho activator treatment for 3 h (n = 3). (G) Relative wound density as a 
function of time from the scratch wound invasion assay. The dashed gray line indicates the time point (20 h) that is 
shown in (H) (n = 8). All error bars represent mean ± SEM. Unless otherwise stated, statistical significance was 
determined by one-way ANOVA test (ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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cell mechanotype, we measured intracellular cAMP levels in high 
glucose–treated MDA-MB-231 cells. After high-glucose treatment 
for 3 h, we observed a significant increase in intracellular cAMP lev-
els, similar to that for forskolin treatment, which activates adenylyl 
cyclases (ACs) to raise cAMP levels (Pinto et al., 2008; Figure 6A). 
Additional forskolin treatment in high glucose–treated cells had no 
additive effect on cAMP production, while forskolin treatment in low 
glucose–treated cells significantly increased cAMP levels (Figure 6B). 
This suggests that the signaling pathway activated by high-glucose 
treatment shares the same ACs, which are activated by forskolin. 
Forskolin treatment also increased myosin activity (Figure 6C) simi-
larly to high-glucose treatment, suggesting that cAMP signaling is 
involved in myosin activation. Consistent with our high glucose–

FIGURE 6: cAMP mediates glucose-induced cell mechanotype changes. (A) Intracellular cAMP 
levels measured by competitive ELISA assay after treatment with different glucose 
concentrations. Forskolin (For, 10 μM) was used as a positive control to increase intracellular 
cAMP levels. All comparisons were made to 1-mM glucose treatment (n = 3). (B) Intracellular 
cAMP levels in MDA-MB-231 cells treated with different glucose concentrations with or without 
forskolin. All comparisons were made to 1-mM glucose treatment (n = 3). (C) pMLC2 levels in 
MDA-MB-231 cells treated with different glucose concentrations with or without forskolin. 
Quantitation is shown below (n = 4). (D) Whole-cell deformability was measured after treatment 
with forskolin and cAMP analog for 3 h under low glucose conditions (n = 3). All error bars 
represent mean ± SEM. All statistical significance was determined by one-way ANOVA test 
(ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

induced cell deformability change data 
(Figure 1C), increase in intracellular cAMP 
level either by forskolin treatment or by 
treatment with 8-bromoadenosine 3′,5′-cy-
clic adenosine monophosphate (8-Br-
cAMP), a cell-permeable cAMP analog, sig-
nificantly reduced cell deformability under 
low-glucose conditions (Figure 6D). Be-
cause cAMP increased myosin activity and 
decreases whole cell deformability, we fur-
ther asked whether cAMP activates the 
RhoA-ROCK axis. Forskolin treatment un-
dern low-glucose conditions resulted in 
about a 1.9-fold increase in RhoA activity 
(Figure 7A), suggesting that cAMP is a bona 
fide mediator that translates a high-glucose 
signal into activation of the RhoA-ROCK 
axis. We also observed that ROCK, but not 
MLCK or PAK1, is required for forskolin-in-
duced myosin activation (Figure 7B). In ad-
dition, other studies have reported that 
cAMP signaling regulates cell migration by 
controlling the dynamics of actin cytoskele-
ton rearrangement (Lorenowicz et al., 2007; 
Borland et al., 2009; Kim et al., 2015). Con-
sistent with these studies, we observed that 
forskolin treatment increased F-actin levels 
similarly to the increase in F-actin levels in 
high glucose–treated MDA-MB-231 cells 
(Figure 7, C and D). To confirm the forskolin-
induced F-actin increase is due to increased 
intracellular cAMP level, we treated the cells 
with 8-Br-cAMP. Cells treated with 8-Br-
cAMP also showed increased F-actin levels 
(Figure 7E) consistent with the F-actin mod-
ulation function of cAMP in mouse embry-
onic stem cells (Kim et al., 2015). Because 
ROCK stabilizes F-actin and actomyosin 
stress fibers (Guerra et al., 2017; Chen et al., 
2020), we asked if the increased F-actin 
level by cAMP is ROCK-dependent. The in-
creased F-actin level by forskolin was not 
changed after ROCK inhibition with Y27632 
(Figure 7F). Consistently, we observed that 
when colocalization of F-actin and active 
myosin was disorganized by ROCK inhibi-
tion with Y27632, the level of F-actin re-
mained high (Figure 7, G and H). Taken to-
gether, our results suggest that an increased 

intracellular cAMP level can increase the level of F-actin indepen-
dent of ROCK.

DISCUSSION
During early metastasis, cancer cells experience a variety of soluble 
cues such as oxygen, hormones, and glucose at a wide range of 
concentrations. These soluble cues may act as regulators of cellular 
mechanical properties in cancer cells. Previously, we have reported 
that activation of βAR signaling increases cell stiffness and contrac-
tility (Kim et al., 2016). Similarly, others have reported that TGF-β 
signaling increases cellular stiffness and invasiveness in lung cancer 
cells (Gladilin et al., 2019). In this study, we investigated the effect of 
high glucose levels on cell mechanotypes and motility. Because 
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cytoskeletal remodeling during cell invasion 
requires high energy expenditure, cells, es-
pecially cancer cells, depend on glucose 
uptake as their primary fuel source. Tumor 
tissues have 13 to 45 times less glucose than 
normal counterpart tissues (Hirayama et al., 
2009). During early metastasis, therefore, 
cancer cells travel from glucose-depleted 
regions within the tumor microenvironment 
to glucose-rich regions in surrounding tis-
sues. Because peripheral tissues have lower 
glucose levels than blood, cancer cells ex-
perience even higher glucose levels when 
they enter into blood circulation (Hirayama 
et al., 2009). Despite the important role of 
glucose in cell physiology and pathogene-
sis, its impact on cell mechanotype has not 
been investigated well. Considering that 
cell mechanotype regulates cell invasion 
and other functions, it is critical to under-
stand how increased extracellular glucose 
levels modulate cell mechanotype and func-
tion. Here, we report for the first time that 
high glucose levels increase breast cancer 
cell stiffness and contractility, which are as-
sociated with increased cell motility through 
the cAMP-RhoA-ROCK-NMII axis (Figure 8).

In previous works, we discovered that 
activation of βAR signaling, which raises in-
tracellular cAMP level, increases cell stiff-
ness and contractility (Kim et al., 2016). In 
the current study, we show that high extra-
cellular glucose levels increase glycolysis 
and intracellular cAMP levels, which results 
in increased cell stiffness and contractility in 
breast cancer cells. Collectively, these data 
suggest that cAMP may play a central role 
in translating extracellular signaling cues 
into cell mechanotype changes, although in 
a cell type–specific manner. Here we show 
that increased cAMP levels activate the 
RhoA-ROCK-NMII axis and increase acto-
myosin stress fibers in a ROCK–dependent 
manner in MDA-MB-231 cells. However, 
there is a contradictory study reporting that 
cAMP inhibits RhoA activity in rat cardiac 
fibroblasts (Oishi et al., 2012). Similarly, an-
other study has shown that cAMP reduces 
MLCK activity by hindering its interaction 
with Ca2+/calmodulin in mouse arteries 
(Raina et al., 2009), yet no difference in 
MLCK activity with high glucose that in-
creases cAMP level was observed here. This 
suggests that cAMP may regulate cell 

FIGURE 7: cAMP increases cell stiffness through activating RhoA-ROCK-NMII axis and increases 
actomyosin filament. (A) RhoA activity measured by GTP-RhoA pull-down assay with forskolin 
treatment. Quantitation of the total and active RhoA protein is normalized to vehicle treatment 
(below panel). Statistical significance was determined by unpaired t test (n = 3). (B) pMLC2 levels 
after forskolin treatment for 3 h with or without inhibitors for ROCK (Y27), MLCK (ML7), or PAK1 
(IPA3). Quantitation is shown below (n = 3). (C) Representative confocal microscopy images of 
pMLC2 (green) and F-actin (red) from MDA-MB-231 cells treated with glucose or forskolin for 
3 h. Scale bar, 10 μm. (D) Quantification of F-actin area per cell with increasing concentration 
of forskolin analyzed by Cellinsight CX7 HCA system (n = 3; 24 h). (E) Representative confocal 
microscopy images of F-actin from MDA-MB-231 cells treated with forskolin or cAMP analog 
for 24 h. Scale bar, 50 μm. (F) Total F-actin intensity per well measured from MDA-MB-231 cells 
treated with forskolin with or without Y27632 for 24 h (n = 8). (G) Subcellular localization of 
pMLC2 (green) and F-actin (red). Fluorescence intensity of each target in a marked region 
(white line) was analyzed using line intensity profiles (below each image). Pearson’s correlation 
coefficient representing colocalization efficiency is denoted. Scale bar, 10 μm (3 h). 
(H) Comparison of Pearson’s correlation coefficient (r) values from randomly selected marked 

regions (n = 30). All error bars represent 
mean ± SEM. Unless otherwise stated, 
statistical significance was determined by 
one-way ANOVA test (ns, not significant; 
*, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001).
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motility in a cancer type–specific manner as well. Although cAMP 
suppressed motility of pancreatic cancer cells (Zimmerman et al., 
2015), cAMP has promigration and proinvasion effects in most can-
cer types (Zhang et al., 2020). Therefore, further studies are needed 
to elucidate the detailed molecular mechanisms by which cAMP 
regulates RhoA and MLCK in a cell type– and/or cancer type–de-
pendent manner.

In this study, high glucose–induced cell mechanotype changes 
were observed as early as 3 h after glucose treatment. Because my-
osin activity and F-actin rearrangement contribute to cell mechano-
type changes, our data suggest that the altered mechanotype can 
be sustained up to 24 h in our experimental system. This may par-
tially explain the increased cell migration and invasion at later time 
points at 48 or 72 h, although it is still unclear how the cell mecha-
notype changes dynamically over time at the transcriptional and 
posttranscriptional level. Further studies are needed to determine 
the duration and reversibility of F-actin rearrangement and myosin 
activation. We speculate that they will fluctuate over time at late 
time points (>24 h) by feedback mechanisms of signaling molecules. 
For example, intracellular cAMP levels are regulated by ACs and 
phosphodiesterases (PDEs; Sassone-Corsi, 2012). Because cAMP is 
a ubiquitous second messenger and central regulator of diverse cel-
lular functions, spatiotemporal regulation of cAMP is critical for cells 
to ensure specificity in cAMP signaling (Hayes et al., 1980; Brunton 
et al., 1981). An existing Förster resonance energy transfer (FRET) 
sensor for detection of cAMP dynamics (Surdo et al., 2017) will be 
useful to correlate the cAMP levels and cell mechanotype changes 
over time in future studies.

Because MDA-MB-231/HM cells are a highly metastatic variant 
of MDA-MB-231 cells, we expected that MDA-MB-231/HM cells will 
show faster migration and invasion than MDA-MB-231 cells. Inter-
estingly, however, we observed that MDA-MB-231/HM cells show 
slower invasion than MDA-MB-231 cells, while MDA-MB-231/HM 

FIGURE 8: Schematic illustration of proposed model. Proposed mechanism for glucose 
regulation of breast cancer cell mechanotype and motility. Glucose taken by a cell enters into 
glycolysis metabolic pathway, resulting in increase of intracellular cAMP level. cAMP signaling 
increases F-actin levels and activates RhoA-ROCK-NMII axis, which results in decreased cell 
deformability and increased contractility. These altered mechanotype also correlates with 
increased cell migration and invasion. Created with BioRender.com.

cells show faster migration than MDA-
MB-231 cells (Supplemental Figure S4, C 
and D). This unexpected result may stem 
from the difference in basal levels of F-actin 
and MLC2 between the two cell types. 
MDA-MB-231/HM cells have significantly 
higher F-actin levels than MDA-MB-231 
cells (Supplemental Figure S4F) despite the 
similar β-actin mRNA levels (Supplemental 
Figure S4E). In contrast, MDA-MB-231/HM 
cells have significantly lower basal MLC2 ex-
pression levels than MDA-MB-231 cells in 
both protein (Supplemental Figure S4H) and 
mRNA (Supplemental Figure S4G) levels. 
Further studies are needed to elucidate 
whether the differential basal levels of F-ac-
tin and MLC2 contribute to the lower inva-
sion rate of MDA-MB-231/HM cells than of 
MDA-MB-231 cells. Nevertheless, other fac-
tors such as cell adhesion and/or secretion 
of extracellular matrix–degrading enzymes 
may also contribute to the cell motility.

We have shown that high extracellular 
glucose levels increase glycolysis rate and 
intracellular cAMP levels, as well as inducing 
increased activation of the RhoA-ROCK-
NMII axis. However, the molecular link be-
tween increased glycolysis rate and cAMP 
production is unknown. We speculate that 

glycolysis mediators such as metabolites and metabolic enzymes 
may activate ACs or inhibit PDEs, although further investigation is 
required. Our measurement of ADCYs mRNA expression levels, 
which encode ACs (Supplemental Figure S7A), was consistent with 
a previous report (Guo et al., 2022). Because ADCY3, 6, 7, and 9 are 
differentially expressed in MDA-MB-231 cells and in MDA-MB-231/
HM and MCF7 cells (Supplemental Figure S7, B–E), future studies 
will investigate the role of these ADCY isoforms in translating high–
extracellular glucose signals into cAMP production. Additionally, the 
mechanisms by which increased cAMP levels activate the RhoA-
ROCK signaling pathways have yet to be elucidated. Multiple effec-
tor proteins are reported that relay cAMP signals: cAMP-dependent 
protein kinase (PKA), exchange protein activated by cAMP (Epac), 
cAMP-gated channel (CNGC), and the Popeye domain–containing 
(POPDC) protein family (Kopperud et al., 2003; Brand and Schindler, 
2017). Currently such cAMP effector proteins are under investiga-
tion to identify the molecules involved in high glucose-induced 
RhoA activation in breast cancer cells.

Recent studies have shown increased breast cancer-specific 
death in obese breast cancer patients (Protani et al., 2010; Chan 
et al., 2014; Blair et al., 2019). Because obesity is accompanied by 
hyperglycemia, we hypothesized that high extracellular-glucose lev-
els modulate cancer cell mechanotype and motility, which may pro-
mote cancer metastasis. For the first time, to our best knowledge, 
we report here that high extracellular-glucose levels alter the mech-
anotype of TNBC cells through the cAMP-RhoA-ROCK-NMII axis, 
which is also associated with increased cell migration and invasion in 
vitro. Future in vivo studies to further elucidate the molecular path-
ways regulating the cAMP-RhoA-ROCK-NMII axis in the context of 
various extracellular glucose levels will improve our understanding 
of the link between obesity and tumor metastasis, and ultimately will 
provide a foundation for the identification of novel drug targets for 
the prevention of metastasis in TNBC.
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MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture and chemicals
MCF7 and MDA-MB-231 human breast cancer cell lines and the 
highly metastatic variant of MDA-MB-231, MDA-MB-231/HM (a 
kind gift from Zhou Ou, Fudan University Shanghai Cancer Center; 
Chang et al., 2008), were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The 
MCF10A cell line was cultured in DMEM/Ham’s F12 nutrient mixture 
(DMEM/F12) supplemented with 10 μg/ml insulin, 20 ng/ml EGF, 
100 ng/ml cholera toxin, 0.5 μg/ml hydrocortisone, 5% horse serum, 
and 100 U/ml penicillin/streptomycin. For the glucose treatment ex-
periment with MCF10A cells, glucose-free DMEM/F12 media (Elab-
science) was supplemented with desired glucose concentrations. 
Cells were maintained at 37°C with 5% CO2 in a humidified incuba-
tor. All cell culture materials were purchased from GIBCO. Prior to 
D-glucose (GIBCO) treatment, cells were cultured for 48 h in a cul-
ture medium containing 5 mM glucose to exhaust extracellular glu-
cose levels (Supplemental Figure S1A). Glucose-starved cells were 
then treated with different concentrations of D-glucose (1, 5, 11, or 
25 mM) for 3 or 24 h followed by downstream assays. The osmolar-
ity in low glucose media was maintained by complementing D-man-
nitol (GIBCO) to the culture medium to make 25 mM in total. Phar-
macological inhibitors and activators were purchased from 
commercial vendors as following: Rho-associated kinase (ROCK) in-
hibitor, Y27632 (Selleck Chemicals, S6390), myosin light-chain ki-
nase (MLCK) inhibitor, ML-7 (Selleck Chemicals, S8388), glycolysis 
inhibitor, 2-deoxy-D-glucose (2DG) (Sigma-Aldrich, D8375), p21-
activated kinase 1 (PAK1) inhibitor, IPA3 (Selleck Chemicals, S7093), 
Rho activator II, CN03 (Cytoskeleton, CN03), adenyl cyclase activa-
tor, Forskolin (Selleck Chemicals, S2449), and cAMP Analog, 
8-Br-cAMP (Selleck Chemicals, S7857). Cells were treated with 2DG 
at 25 mM, 8-Br-cAMP at 100 μM, and all other drugs at 10 μM for 
indicated time.

Parallel microfiltration assay
To measure whole cell deformability, we used parallel microfiltra-
tion (PMF; Qi et al., 2015). Cells treated with different glucose con-
centrations for 3 h were trypsinized with 0.05% trypsin–EDTA and 
cells in suspension were counted using an automated cell counter 
(Corning Cell Counter, CytoSMART) and resuspended in culture 
medium to a density of 5 × 105 cells/ml. We also used the auto-
mated cell counter to measure cell size distributions. No significant 
changes in cell size distribution was observed after different glu-
cose and/or inhibitors treatment (Supplemental Figure S2A). To al-
low cells to equilibrate after lifting into suspension, suspensions 
were maintained for 30 min before filtration. To drive cells through 
the 8-μm pores of the polycarbonate membrane (Sterlitech), we ap-
plied air pressure (5.5 kPa) for 60-120 s. To quantify the magnitude 
of cell filtration, we determined the volume of media that remained 
in the top well after filtration by measuring absorbance at λ560 nm 
using a microplate reader (Synergy HTX, BioTek; Gill et al., 2019). 
Cells with reduced deformability have a higher probability of oc-
cluding pores and consequently exhibit a higher retention of fluid 
in the top well; we define the final volume of media retained in the 
top well compared with the initial volume loaded, Volfinal/Volinitial, 
as % retention.

Single-cell contractility assay
Single-cell contraction was measured using fluorescent elastomeric 
contractible surfaces (FLECS) technology (Forcyte Biotechnologies). 

The FLECS plate was patterned with a uniform shape composed of 
collagen and fluorescent fibrinogen on soft elastomer films 
(Pushkarsky et al., 2018). In each well, 5000 cells were seeded on the 
96-well FLECS plate and cells were adhered to micropatterns for 24 
h in the growth medium with 1 mM glucose. Cells were then treated 
with different concentrations of D-glucose for 3 h, followed by stain-
ing with Hoechst 33342 (Thermo Fisher Scientific) for 5 m. Only mi-
cropatterns with a single cell attached were selected for analysis. To 
measure the degree of single-cell contraction, high-resolution im-
ages of micropatterns were obtained using an LSM 900 scanning 
confocal microscope (Carl Zeiss, Oberkochen, Germany), and the 
pixel areas of micropatterns were analyzed using the ZEN image 
analysis program (ZEN3.4, Carl Zeiss).

Immunoblotting
For Western blotting, total protein was prepared by lysing cells for 
30 min on ice with ice-cold RIPA buffer (Thermo Fisher Scientific) 
containing protease and phosphatase inhibitor cocktails (Thermo 
Fisher Scientific). After centrifugation of the lysates at 13,000 rpm 
for 15 min at 4°C, the concentration of total soluble proteins in su-
pernatant was measured using a BCA protein assay kit (Thermo 
Fisher Scientific). The same amount of total proteins throughout 
samples was prepared followed by boiling the lysates with LDS sam-
ple buffer (NOVEX) containing 100 mM of dithiothreitol (DTT; Cell 
Signaling Technology) for 5 min. For SDS–PAGE, 4–12% gradient 
Bolt gels (Thermo Fisher Scientific) were used with MES SDS run-
ning buffer (Thermo Fisher Scientific). Protein samples were trans-
ferred onto a methanol-activated polyvinylidene difluoride (PVDF) 
membrane with pore size 0.45 μm (Thermo Fisher Scientific). The 
membrane was blocked with SuperBlock T20 blocking buffer 
(Thermo Fisher Scientific) at room temperature for 1 h and incu-
bated with primary and secondary antibodies as follows: for primary 
antibodies, p-MLC2 (Ser19; Cell Signaling Technology, 3671) 1:1000 
dilution, p-MLCK (Ser1760; Invitrogen, 44-1085G) 1:1000 dilution, 
GAPDH (Invitrogen, MA5-15738) 1:1000 dilution, and β-actin (Invit-
rogen, MA5-15739) 1:3000 dilution at 4°C overnight. For secondary 
antibodies, goat anti-rabbit-IgG conjugated to horseradish peroxi-
dase (HRP; Santa Cruz Biotechnology, SC-2387) 1:5000 dilution and 
goat anti-mouse-IgG conjugated to HRP (Santa Cruz Biotechnology, 
SC-516102) 1:5000 dilution at room temperature for 1 h. For signal 
development, we used ECL or Pico SuperSignal chemiluminescent 
substrate (Thermo Fisher Scientific) according to the manufacturer’s 
protocol. For protein quantification, images were acquired using 
ChemiDoc XRS (Biorad) and band intensity was analyzed using Im-
age Lab software (BioRad).

Immunocytochemistry
For immunocytochemistry, 30,000 cells were seeded in a four-well 
chamber (Thermo Fisher Scientific) and treated with glucose as 
described above. After fixation with 4% paraformaldehyde for 
15 min at room temperature, cells were blocked with blocking buf-
fer (Cell Signaling Technology) for 60 min at room temperature. 
Then cells were incubated with p-MLC2 antibody (Cell Signaling 
Technology, 3671) diluted 1:50 overnight at 4°C. Secondary anti-
body conjugated with Alexa Fluor 488 (Molecular Probes, R37116) 
was used for visualization. For costaining with filamentous actin 
(F-actin), cells were stained with Acti-stain 555 phalloidin (Cyto-
skeleton, PHDH1) as described in the manufacturer’s instructions. 
Then DAPI (Invitrogen, R73606) was added for nucleus staining. 
Confocal microscopy images were acquired using LSM900 scan-
ning microscope (Carl Zeiss) equipped with 63×, 40×, and 20× 
magnification objectives. To determine subcellular localization of 
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pMLC2 and F-actin, confocal microscopy images were analyzed 
with line profiles using ZEN 3.4 software (Carl Zeiss). The colocal-
ization of pMLC2 and F-actin signals was evaluated with Pearson’s 
correlation coefficient (r).

Quantitative analysis of F-actin
To analyze F-actin levels quantitively, we used two methods, confo-
cal microscopy and Cellinsight High-Content Analysis, to acquire 
and analyze F-actin-stained cell images. For confocal microscopy, 
30,000 or 10,000 cells were seeded in a four-well chamber or an 
optical 96-well plate, respectively. After overnight incubation, cells 
were treated with glucose as described above. F-actin was stained 
with Acti-stain 488/555 phalloidin (Cytoskeleton, PHDG1/PHDH1) 
for fixed cells or an SiR-actin probe for live cells as described in the 
manufacturer’s instructions (Cytoskeleton, CY-SC001). DAPI or 
Hoechst 33342 (Invitrogen) was added for nucleus staining. Repre-
sentative confocal microscopy images were acquired using an 
LSM900 scanning microscope (Carl Zeiss). For quantification of 
F-actin levels, confocal microscopy images were randomly captured 
with a 20× objective and the total fluorescence intensity from only 
the area covered by cells from each image was quantified using ZEN 
3.4 software (Carl Zeiss) and normalized to the number of nuclei. For 
unbiased quantification of F-actin levels as an independent valida-
tion, we used a High-Content Analysis (HCA) system (Cellinsight 
CX7, Thermo Fisher Scientific). Nine images were acquired with a 
10× objective from each well. F-actin quantitation was computed 
using a dedicated proprietary algorithm (Cellomics Target Activa-
tion V4).

Cell migration and invasion assay
To measure collective cell migration in real time, we used the Incu-
cyte scratch wound healing assay (Essen BioScience). In each well of 
an ImageLock 96-well plate (Essen BioScience), 5 × 104 cells were 
seeded and incubated for 24 h to form a confluent cell monolayer. 
A scratch wound was made using WoundMaker (Essen BioScience) 
and images were acquired every 1 h. The relative wound density 
was calculated using IncuCyte ZOOM (ver. 2018A) software (Essen 
BioScience). For cell invasion assay, the ImageLock 96-well plate 
was precoated with 100 μg/ml Cultrex BME extract (R&D systems) 
and 5 × 104 cells were plated in each well. After 24 h, scratch wound 
was introduced as described above and 2 mg/ml Cultrex was added 
to cover the entire well.

Real-time cell metabolic analysis
An XF-e96 extracellular flux analyzer (Seahorse Bioscience) was 
used for real-time analysis of extracellular acidification rate (ECAR) 
and oxygen consumption rate (OCR) in cells treated with different 
glucose concentrations. Cells were grown on Seahorse cell culture 
microplates with 5-mM glucose medium for 3 days. The glucose-
starved cells were washed with XF assay medium (Seahorse Biosci-
ence) containing 1-mM glucose (pH adjusted to 7.4) and equili-
brated for 1 h in the Seahorse incubator. The XF96 plate was 
inserted into the Seahorse analyzer, where 10 basal assay cycles 
were performed, consisting of 3 min of mixing followed by 3 min of 
measuring. After completion of the basal level measurement, differ-
ent concentrations of glucose were added by automatic pneumatic 
injection port, and measurements were performed for 100 assay 
cycles. ECAR and OCR values were normalized to the baseline mea-
surements. Cell numbers in each well were obtained using Cytation 
1 (Agilent) to normalize the ECAR and OCR values. Measurements 
were performed in six replicates (six wells) for each independent 
experiment.

Measurement of Ca2+ concentration
Intracellular calcium ion concentrations were measured using a colo-
rimetric calcium assay kit (Abcam) as instructed by the manufacturer. 
Briefly, 5 × 105 cells were plated in 100-mm cell culture dishes and 
treated with different concentrations of glucose as described above. 
After glucose treatment, cells were lysed with RIPA buffer without 
EDTA, and 50 μl of the lysate was used for calcium analysis. Free 
calcium ions form a chromogenic complex with o-cresolphthalein 
that can be measured at absorbance 575 nm using a microplate 
reader (Synergy HTX, BioTek).

RhoA activation assay
The RhoA activation assay was performed using a RhoA Pull-down 
Activation Assay Biochem kit (Cytoskeleton). Cells were treated with 
each glucose concentration for 5 min and snap-freezing for analysis 
of RhoA activation. Then 500–800 μg of cellular extract was immu-
noprecipitated with Rhotekin-RBD beads according to the manufac-
turer’s instructions. Total and active RhoA protein were quantified 
using ImageLab software (BioRad). The ratio of active to total RhoA 
was compared between 1- and 25-mM glucose-treated cells using 
densitometric data.

Measurement of ROCK activity
ROCK activity was measured by enzyme immunoassay using a 
ROCK activity assay kit (Cell Biolabs) as instructed by the manufac-
turer. Briefly, 200 μg of total protein was added to each well of the 
assay plate, where the ROCK substrate, MYPT1, was coated. After 
60 min incubation at 30°C for the kinase reaction, the plate was in-
cubated with anti-phospho-MYPT1 (Thr696) antibody, followed by 
incubation with HRP-labeled secondary antibody. The ROCK kinase 
activity was determined by quantification of color development at 
absorbance 450 nm using a microplate reader (Synergy HTX, 
BioTek).

Measurement of cyclic adenosine monophosphate (cAMP)
Intracellular cAMP levels were measured using the cAMP Com-
petitive ELISA kit (Abcam) according to the manufacturer’s proto-
col. Briefly, cell lysates with 100 μg total protein were loaded into 
wells coated with anti-cAMP antibody. HRP-labeled cAMP is also 
added to the wells to compete with intracellular cAMP for the 
fixed number of anti-cAMP antibody binding sites on the plate. 
After washing out unbound cAMP molecules, the amount of 
bound HRP-labeled cAMP was measured using a fluorometric 
HRP substrate.

Statistical analysis
All experiments were performed at least three independent times 
for reproducibility. Statistical significance between control and 
treated groups was determined with an unpaired t test or one-way 
ANOVA with Dunnett’s multiple comparison post hoc analysis using 
GraphPad Prism 9 (GraphPad Software, La Jolla, CA). Total num-
bers of data points from technical replicates for statistical test are 
denoted by “n” in figure legends. To determine statistically signifi-
cant differences between cell size distributions, we used Kruskal–
Wallis one-way ANOVA with Dunnett’s multiple comparison post 
hoc analysis. The following p values were considered to be statisti-
cally significant: p value ≤ 0.05 (*), p value ≤ 0.01 (**), and p value ≤ 
0.001 (***).
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