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Cell contractility drives mechanical memory of 
oral squamous cell carcinoma

ABSTRACT  Matrix stiffening is ubiquitous in solid tumors and can direct epithelial–mesen-
chymal transition (EMT) and cancer cell migration. Stiffened niche can even cause poorly in-
vasive oral squamous cell carcinoma (OSCC) cell lines to acquire a less adherent, more migra-
tory phenotype, but mechanisms and durability of this acquired “mechanical memory” are 
unclear. Here, we observed that contractility and its downstream signals could underlie mem-
ory acquisition; invasive SSC25 cells overexpress myosin II (vs. noninvasive Cal27 cells) consis-
tent with OSCC. However, prolonged exposure of Cal27 cells to a stiff niche or contractile 
agonists up-regulated myosin and EMT markers and enabled them to migrate as fast as 
SCC25 cells, which persisted even when the niche softened and indicated “memory” of their 
prior niche. Stiffness-mediated mesenchymal phenotype acquisition required AKT signaling 
and was also observed in patient samples, whereas phenotype recall on soft substrates re-
quired focal adhesion kinase (FAK) activity. Phenotype durability was further observed in 
transcriptomic differences between preconditioned Cal27 cells cultured without or with FAK 
or AKT antagonists, and such transcriptional differences corresponded to discrepant patient 
outcomes. These data suggest that mechanical memory, mediated by contractility via distinct 
kinase signaling, may be necessary for OSCC to disseminate.

INTRODUCTION
There are more than 350,000 new oral and pharynx cancer cases 
and 177,000 deaths annually worldwide (Bray et al., 2018), and oral 
squamous cell carcinoma (OSCC) represents 80–90% of all malig-
nant tumors of the oral cavity (Johnson et  al., 2011; Pires et  al., 

2013; Jensen et al., 2019), with a 5-y survival rate that varies from 40 
to 63% (Kamangar et al., 2006; Scully and Bagan, 2009; Warnakula-
suriya, 2009; Montero and Patel, 2015). Oral lesions are clinically 
characterized by dysplastic regions with irregular rigid margins 
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(Chi et al., 2015). Extracellular matrix (ECM) up-regulation and cross-
linking–relative to softer tumor–adjacent epithelium (TAE)–create 
the stiff tumor border, which has been observed in a variety of other 
tumors including OSCC (Frantz et al., 2010; Boudreau et al., 2012; 
Lu et al., 2012; Bonnans et al., 2014; Yu et al., 2019). ECM up-regu-
lation is correlated with poor patient outcomes (Wei et al., 2015; 
Burgstaller et al., 2017; Matte et al., 2019) and increased invasive 
potential (Paszek et  al., 2005; Chaudhuri et  al., 2014; Wei et  al., 
2015; Ondeck et al., 2019), but to date in the context of OSCC, this 
link and the mechanisms that regulate it have not been clearly 
articulated.

For cancer cells to sense and respond to ECM stiffness, com-
munication between extracellular and intracellular compartments 
is necessary (Hanahan and Weinberg, 2011; Pickup et al., 2014). 
These compartments are mechanically linked by transmembrane 
integrins that connect the ECM with actin cytoskeleton and ulti-
mately the nucleus via adhesion, contractile and signaling proteins 
(Parsons et al., 2010). Although stiffness sensing mechanisms are 
well established in other cancers, for example, kinases in breast 
(Levental et al., 2009; Calvo et al., 2013; Fattet et al., 2020), brain 
(Umesh et al., 2014; Wong et al., 2015; Liu et al., 2018), and ovar-
ian (Wei et  al., 2021) cancers among others, relatively little is 
known about OSCC. Typically, these outside-in mechanisms estab-
lish a positive feedback loop whereby nonmuscle myosin-II 
(NMM2) contractility modulates adhesions and integrin/ECM 
binding to further enhance signaling, contraction, and migration 
(Vicente-Manzanares et al., 2008; Wu et al., 2009). Stiffness-medi-
ated signaling can result in cytoskeletal assembly changes and 
force transduction to the nucleus, which impacts gene transcrip-
tion and epithelial–mesenchymal transition (EMT) (Wang et  al., 
2009; Chin et al., 2016; Stowers et al., 2019). For example, stiffer 
substrates can induce tumorigenesis in mammary epithelial cells 
via altered chromatin accessibility resulting from hypercontractile 
cells (Stowers et al., 2019). In lung tumors, stiffness enhances ex-
pression of EMT genes (Tilghman et  al., 2010; Alonso-Nocelo 
et al., 2018). These dynamic interactions can even enhance tumor 
growth, survival, and invasion (Geiger et al., 2001; Paszek et al., 
2005; Butcher et al., 2009).

Once outside of their stiffened niche, however, cancer cells must 
also be able to maintain their stiffness-induced EMT, that is, invading 
mesenchymal-like cells retain marker expression and migratory po-
tential. This ability to form “mechanical memories” has been shown 
in mammary epithelial cells, which after preconditioning on a stiff 
matrix, migrate faster, up-regulate contractile proteins, and maintain 
EMT on a soft matrix (Nasrollahi et al., 2017). In dynamic contexts 
though, signaling becomes more complicated; in multicellular mam-
mary spheroids or in matrix that stiffens with time, multiple redun-
dant signaling pathways may collectively regulate EMT in mammary 
epithelial cells (Ondeck et  al., 2019). We previously showed that 
poorly invasive OSCC cell lines can acquire a more migratory pheno-
type in a stiffer environment (Matte et al., 2019), that is, 20 kilopascal 
(kPa), which mirrors the stiffest regions of dysplastic oral tumors 
(Zhang et al., 2020). How such oral cells develop stiffness-mediated 
responses and whether they retain “memory” of their tumor-like 
niche when on softer matrix, that is, 0.5 kPa, has not been thor-
oughly explored in OSCC. Herein, we demonstrate that a noninva-
sive oral epithelial cell line, that is, Cal27, can undergo EMT and ac-
quire “memory” from stiff matrix that enables cells to maintain their 
new phenotype despite being on a softer niche. Protein kinase B 
(AKT) and focal adhesion kinase (FAK) play key roles in this process, 
which could be maintained for days in culture and are reflected in 
transcriptomic differences that corresponded to patient outcomes.

RESULTS
Contractility regulates the acquisition of mechanical 
memory
Increased cell contractility typically occurs as a result of EMT 
(Parsons et  al., 2010; Friedl et  al., 2012; Aguilar-Cuenca et  al., 
2014; Newell-Litwa et al., 2015), but it is unclear in OSCC. To es-
tablish to what extent and where contractile machinery is present 
in OSCC and their derivative cell lines, we analyzed nonmuscle 
myosin isoform expression in OSCC biopsies. NMM2B was de-
tected at the basal cell layer and staining was strongest in cells at 
the invasive front of the tumor (Figure 1A; Supplemental Table S1). 
Both patients–being of advanced stage IV–corroborate prior find-
ings that tumors of more advanced tumor-node-metastasis (TNM) 
stages express higher NMM2B (Dias et al., 2019). In oral cell lines, 
NMM2A and B were expressed more in mesenchymal SCC25 ver-
sus epithelial Cal27 cells (Figure 1B). To study how contractile ma-
chinery plays role in Cal27 acquiring mesenchymal-like pheno-
types from stiff environment (Matte et al., 2019), lysophosphatidic 
acid (LPA), which stimulates contraction through its receptor’s 
downstream signaling via Rho/RCK, and Blebbistatin, a nonmus-
cle myosin inhibitor, were used along with exposure to substrates 
with varying stiffness. Culture of epithelial Cal27 cells on stiffer 
matrix or with LPA had similar effects on morphology and pheno-
type, leading to more compact cell colonies and higher EMT 
marker expression, versus culture on soft matrix or with Blebbi-
statin (Figure 1, C and D). These results together suggest that the 
acquisition of more mesenchymal-like behavior, concurrent with 
our prior observations (Matte et al., 2019), may be the result of 
higher myosin and EMT marker expression.

Invasion requires that cells leave the tumor niche. Hence, they 
must have durable expression of stiffness-mediated EMT markers 
once in the TAE, that is, “mechanical memory”; while present in 
other carcinomas (Nasrollahi et al., 2017), we sought to test this in 
OSCC cell lines and assess the impact contractility has on memory. 
Cal27 cells were conditioned on soft or stiff substrates for 5 d and 
replated onto soft substrate for an additional day (Figure 2A). Rela-
tive to mesenchymal SCC25 cells, we found that E-cadherin pe-
ripheral localization was highest in Cal27 cells on soft matrix, which 
is an indicator of an epithelial phenotype, and was markedly re-
duced for cells preconditioned on stiff matrix. Conversely, those 
cells preconditioned on stiff substrates had statistically higher 
NMM2A expression than their soft substrate counterparts and 
were not different from mesenchymal SCC25 cells (Figure 2B–D). 
This reciprocal relationship suggests that stiff preconditioning 
could enable cells to acquire and maintain their prior mesenchy-
mal phenotype despite TAE-like stiffness. This interpretation may 
also be consistent with cell migration after replating (Figure 3A); 
Cal27 cells preconditioned on a stiff niche or first treated with LPA 
retained higher migration velocity and explored a larger substrate 
area, whether migrating collectively or individually in 2D. Con-
versely, when Cal27 cells were cultured with a contractile antago-
nist such as Blebbistatin after replating from a stiff to a soft hydro-
gel, cells typically responded by failing to maintain higher 
migration velocities (Figure 3, B and C). These data, at least in 2D, 
suggest contractile regulation of mechanical sensing and mainte-
nance of a stiffness-induced mesenchymal phenotype. Further 
consistent with this interpretation in 3D, preconditioned Cal27 
cells were induced to form spheroids and then embedded into a 
collagen matrix. Those spheroids from cells plated originally on 
stiff hydrogels or that were treated with LPA were more invasive 
over five subsequent days of culture than their counterparts on soft 
matrix only or when cultured with Blebbistatin (Figure 3, D and E). 
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Taken together, 2D and 3D assays suggest that high cell contractil-
ity in soft environments may artificially induce mesenchymal-like 
responses that imply a sort of “mechanical memory” whereas con-
tractile inhibition during preconditioning may block acquisition of 
such memory.

Acquisition and recovery of mechanical memory, 
respectively, involve AKT and FAK signaling
To identify signaling pathway(s) involved in stiffness-mediated 
phenotype changes, we analyzed 43 phospho-proteins and found 
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activity at 11 sites, that is, signal greater than 
twofold above background, of which AKT 
(S308)—a pathway involved in OSCC migration 
(Fujii et al., 2020)—was the most phosphorylated 
when Cal27 cells that were maintained on soft 
matrix were replated onto stiff matrix for an hour. 
Conversely, Cal27 cells that were maintained on 
stiff matrix and then replated onto soft matrix for 
an hour had 23 sites above background; of 
those, FAK (Y397), which is required for OSCC 
stiffness sensing (Zhang et al., 2021), was one of 
the most phosphorylated site when memories of 
the stiff substrate were “recalled” (Figure 4A). 
Contractility and signaling differences could 
cause larger transcriptomic differences between 
preconditioned Cal27 cells (“Learn”) and those 
exposed to inhibitors (“Don’t Learn/Forget”). 
RNA sequencing of these two groups revealed 
822 differentially expressed genes (DEGs; −0.1 > 
FC > 0.1, p-val < 0.1) between “Learn” and 
“Don’t Learn/Forget” groups (Figure 4B; Sup-
plemental Table S1). We mapped Gene Ontol-
ogy (GO) terms onto these DEGs and found that 
the top 20 terms primarily associated with cellu-
lar components of the cytoskeleton and ECM 
and with biological processes associated with 
migration (Figure 4C; Supplemental Table S2). A 
total of 112 genes within the top GO terms were 
significantly and/or differentially expressed as 
highlighted by an MA plot (Supplemental Figure 
S2A, purple/green data; Supplemental Table 
S3). For six of the most significantly and/or dif-
ferentially expressed genes (above/below or to 
the right of dashed lines in panel B; i.e., SDC4, 
ICAM1, FN1, and ITGAV for up-regulated and 
RhoD and FSCN1 to be down-regulated in 
“Learn” group), we further validated expression 
via qPCR, finding linear correlation between se-
quencing and qPCR (Supplemental Figure S2B). 
Those significantly and/or differentially ex-
pressed genes (Supplemental Table S4), which 
may form a minimal grouping of genes related to 
mechanical memory, were then used to stratify 
patients in The Cancer Genome Atlas (TCGA). To 
ensure a robust patient population, the expres-
sion profiles for all head–neck squamous carci-
nomas, including OSCC, were computed (n = 
155), and between the top and bottom expres-
sion quintiles, progression-free interval (Figure 
4D) and overall survival (Figure 4E) showed sig-
nificant differences. These data suggest that 
there is perhaps a common transcriptomic signa-

ture that results from contractility-based preconditioning, which 
could be used to screen patient tumors for signs of “memory” in 
addition to conventional histology.

Based on GO terms mapped on DEGs in which cell adhesion 
junction and cell migration/motility are different between “Learn” 
and “Don’t Learn/Forget” (Supplemental Table S2), cell adhesion 
and migration difference of Cal27 were assessed to study how 
AKT or FAK pathways are related to those cell functions and fur-
ther affect mechanical memory acquisition processes. Although 
adhesion strength was not significantly different (Supplemental 
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Figure S3), we found a titratable influence on migration; specifi-
cally, inhibition of AKT (≥5-µM AKT inhibitor) significantly reduced 
both collective and individual migration speed of cells condi-
tioned on soft and then replated to stiff matrix (Supplemental 
Figure S4A), and inhibition of FAK (≥10-µM FAK inhibitor) pathway 
discouraged cell migration after being replated from stiff to soft 
matrix (Supplemental Figure S4B). When combined with stiff sub-
strates or cultured with LPA, AKTi-treated Cal27 cells failed to 
“learn” or exhibit higher migration speed when replated (Figure 
5A) similar to blocking contractility with Blebbistatin (Figure 5B). 
Conversely, replated Cal27 cells that were then treated with FAKi 
also failed to exhibit higher migration speed (Figure 5, A and B) or 

could not recall the impact of prior mesenchymal transitions and 
“forgot.” Thus, both groups—one with impaired contractility and 
the other with an inhibited signaling pathway that up-regulated 
during memory recovery—had significantly slower cell migration 
speed than the group conditioned on stiff substrates.

Validation of this mechanism in human tumors is critical to estab-
lishing its importance; hence, 19 OSCC tumors were assessed in 
their core and invasive zones for AKT phosphorylation (Figure 5C) 
and collagen organization (as a surrogate for tumor rigidity [Wei 
et al., 2015]). Tumor cores were generally positive for AKT phos-
phorylation at S308, independent of TNM tumor stage. However, 
when stratifying by stage and collagen organization, only stage III/IV 
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tumors had statistically higher percentages of cells phosphorylating 
S308 on AKT in the core versus adjacent invasive zone. For lower 
staged tumors or those with disorganized collagen, even cells in the 
adjacent invasive zone had phosphorylated AKT(S308) (Figure 5D). 
The lack of phosphorylation differences suggests that tumors may 
be soft enough and that cells do not develop sufficient “memory” 
in the core, which could corroborate the involvement of AKT path-
way in the memory-learning process for stiff, high-grade tumors.

DISCUSSION
Bidirectional cross talk between tumor cell and ECM can change cell 
behavior; thus, ECM dynamics can modify cell phenotypes and pro-
mote malignancy (Van Helvert et al., 2018; Yamada and Sixt, 2019). 
Increased tissue stiffness is a well-known feature of tumors (Lu et al., 
2012), and its potential to drive malignant transition in tumor cells 
has been studied in several tumor sites (Butcher et al., 2009; Baker 
et al., 2013; Chen et al., 2015). However, interaction between ECM 
stiffness and OSCC has not been deeply explored yet, so here we 
studied how OSCC cells are affected by matrix stiffness as its 
changes when transitioning from stiffer tumor to softer TAE. We had 
previously found that noninvasive Cal27 oral epithelial cells demon-
strate increased cell migration velocity by being conditioned on stiff 

matrix (Matte et al., 2019), and here, we extended that work to ob-
serve that Cal27 cells preconditioned on stiff matrix not only adopt 
a more mesenchymal-like phenotype but also then maintain that 
expression for days more on softer substrates due to their pro-
longed ability to regulate contractility via AKT and FAK pathways. 
Not only did we then observe correlations with collagen organiza-
tion differential AKT phosphorylation between tumor core and TAE, 
and tumor staging, but also found that the stiff niche promoted a 
durable transcriptional change that correlated with patient 
outcomes.

Although our data suggest that oral epithelial cell phenotype 
can be regulated by contractility, it is by no means a novel or exclu-
sive mechanism. Contractile forces regulate a variety of processes 
ranging from embryogenesis to pathogenesis and are the result of 
cells modulating myosin activity (Butcher et al., 2009; Wozniak and 
Chen, 2009; Parsons et al., 2010). Within a cancer context, tumor 
progression has been shown to correlate with NMM2 expression, 
enabling cell migration and accelerating turnover of cell–cell adhe-
sion (Peglion et al., 2014). We previously found a similar inverse re-
lationship between adhesion and contraction when Cal27 cells were 
conditioned by stiffness for 5 d (Matte et  al., 2019) as well as in 
breast cancer cells sorted by adhesion. There, less adhesive cells 
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FIGURE 4:  Phospho-protein array and transcriptomic differences suggest that mechanical memory involves AKT and 
FAK signaling. (A) Heat map of spot intensity from an array of 43 phosphorylation sites. Cal27 cell lysates were blotted, 
and cells had been switched from soft to stiff (“learn”; left) or stiff to soft substrate (“recall”; right) for 1 h. Data are 
normalized to Cal27 cells cultured on their original substrate, that is, soft and stiff, respectively. Red indicates up-
regulation and blue indicates down-regulation relative to lysate from the original substrate. (B) Volcano plot (left) and 
heat map (right) of the genes from bulk RNA sequencing. In volcano plot, up(green)-/down(purple)-regulated genes in 
“Learn” groups were identified and marked with log2 fold change of >0.1 and −log10 p value of >1. Heat map of shows 
the hierarchical clustering of differentially expressed genes identified from the volcano plot. (C) Gene ontological terms 
determined from DEGs in panel A. Terms shown in green indicate those associated with matrix and cytoskeleton 
(cellular component) and adhesion and migration (biological processes). (D, E) Data above/below (i.e., (log2 [fold 
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used here to stratify patients in The Cancer Genome Atlas (TCGA). Plots show progression-free interval and overall 
survival as indicated. Significance show in plots is based on a log-rank (Mantel–Cox) test.
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had more adhesion turnover and higher and more dynamic contrac-
tility, which make them more propulsive (Beri et al., 2020) and able 
to sense and migrated against mechanical gradients (Yeoman et al., 
2021) relative to more strongly adherent cells. This process is 
also aided by supporting cells, for example, cancer-associated 
fibroblasts, which use traction forces generated by NMM2 to align 
and stiffen matrix to facilitate tumor invasion by the same mecha-
nisms (Erdogan et al., 2017). Although stiffness-based observations 
have occurred over the last decade, there is even more evidence 
from chemical modulation of contractility. LPA enhances ovarian 
(Sawada et al., 2002) and prostate (Wang et al., 2004) cell migration 
and invasion via Rho and ROCK in a manner that similarly regulates 
focal adhesion dynamics. We found that NMM2A expression in-
creased after epithelial Cal27 cells were conditioned by LPA, which 
also made them more mesenchymal, migratory, and invasive, and 
conversely with Blebbistatin, blocking myosin activity prevented the 
mesenchymal phenotype. From these functional assays, we could 
conclude that cells can learn not only from the stiffness of matrix but 
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also from contractility itself. More impor-
tantly for invasive, we further found that 
phenotype was maintained even in a new 
niche as “memory.” Matrix rigidity may also 
feedback on itself to enhance cell contractil-
ity (Huang and Ingber, 2005), so it is 
conceivable that Cal27 cells could continu-
ously gain mechanical memory so long as 
they are in the stiff matrix of the tumor core, 
suggesting that the cells that leave the 
tumor after increasing instruction could 
be even more virulent than their early dis-
seminating counterparts. This concept, of 
course, would require significantly more 
complex in vivo labeling assays and tumor 
stiffness measurement to prove.

To understand how cells learn mechani-
cal memory from the niche, we further ex-
amined which intracellular signaling path-
ways are involved. From the phospho-kinase 
array, we concluded that AKT and FAK sig-
naling pathways are highly activated during 
memory learning and recovery phase, re-
spectively. AKT activation has been ob-
served in OSCC cells where the TRPV4 
(Ca2+-permeable nonselective cation chan-
nel) expression level was high (Lee et  al., 
2017; Sharma et al., 2019; Fujii et al., 2020). 
Since TRPV4 is mechanosensitive, the acti-
vation cascade from TRPV4 to AKT signaling 
pathway could have been possible during 5 
d of conditioning in stiff matrix. Here, we 
found that AKT was necessary to acquire 
mechanical memory, since AKT inhibition 
decreased cell migration speed during pre-
conditioning and in patients where phos-
phorylation was associated preferentially 
with tumor cores in the highest-grade tu-
mors containing organized collagen. Con-
versely, we found that memory recovery in 
new niche depended on FAK phosphoryla-
tion. FAK has a critical function on adhesive 
complexes formation, cell shape, adhesion, 
and motility (Lauffenburger and Horwitz, 

1996; Ridley et al., 2003; Mitra et al., 2005). Highly activated FAK 
can also up-regulate Rho GTPases, which enhances cytoskeleton 
organization (Mitra et al., 2005; Mitra and Schlaepfer, 2006; Seong 
et al., 2013). These features are all related to invasiveness of cells, 
and accordingly, mechanical memory remaining in the cell and re-
covered as a form of highly phosphorylated FAK allowed cells to 
keep invasive features.

Signals further downstream of kinases must ultimately result in 
transcriptional changes, which we found to correlate to patient out-
comes, and are controlled by epigenetic marks in cells. As dysplastic 
regions evolve into invasive OSCC, cells acquire EMT markers, for 
example, vimentin (Webber et al., 2017), concurrently with methyla-
tion at H3K4 (Rogenhofer et  al., 2013) and H3K27 (Chen et  al., 
2013), but lose acetylation at H3K4 (Chen et al., 2013) and H3K9ac. 
OSCC tumors in the lowest and highest quartiles of percent H3K9ac+ 
cells showed markedly different disease outcomes (Webber et al., 
2017). These data suggest that an acetylation-to-methylation switch 
accompanies disease progression, and it may be concurrent with 
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the establishment of stiffness and memory. However, further assess-
ment beyond the work here is needed to determine whether niche 
stiffness plays a role and which genes are affected. Although these 
data suggest that mechanical memory could involve histone modi-
fication, we believe that fundamentally our data here established a 
critical point; similar to other more well studied systems, for exam-
ple, breast (Nasrollahi et al., 2017), oral epithelial cells appear plas-
tic, sensitive to stiffness, and after prolonged culture in stiffened 
niche, they retain a durable phenotype that is maintained in soft 
tumor–adjacent epithelial, which could facilitate invasion.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Human biopsies
The experimental design and the informed consent procedures 
were approved by the Ethical Committee of Federal University of 
Rio Grande do Sul—Brazil and of Hospital de Clínicas de Porto 
Alegre (HCPA)—Brazil (GPPG n° 11-0289; GPPG n° 14-0019) and all 
patients in this study provided written informed consent. Patients 
(n = 19) with oral lesions were interviewed and submitted to surgery. 
OSCC diagnosis was confirmed histopathologically by a pathologist 
and fragments from regions corresponding to the center of the 
tumor, invasive zone, and the carcinoma edge tissue, that is, tumor-
adjacent epithelia, were collected. Patient metadata are described 
in Supplemental Table S5.

Cell culture and reagents
OSCC cell lines were a kind gift from Akihiro Sakai, University of 
California San Diego (UCSD). Cal27 cells were cultivated in DMEM 
high glucose (Life Technologies) supplemented with 10% fetal 
bovine serum (FBS) (Gemini Bio) and 1% penicillin/streptomycin 
(Life Technologies); SCC25 cells were maintained in DMEM/F12 
with 15-mM HEPES (Teknova) supplemented with 10% FBS, 1% 
penicillin/streptomycin, and 400 ng/ml hydrocortisone (Sigma). 
Cells were maintained in incubator at 37°C with 5% CO2. The cells 
were selectively treated with Blebbistatin (up to 10 μM, Cayman 
Chemical), LPA (up to 10 μM, Enzo Life Sciences), Perifosine, AKT 
inhibitor (0.5 and 5 μM, InvivoGen), and FAK inhibitor 14 (1 and 
10 μM, Sigma-Aldrich).

Mechanical and chemical cell conditioning on 
polyacrylamide hydrogels
Cal27 cells underwent 5 d of conditioning phase and a day of re-
plating phase. After cells were seeded on collagen-coated poly-
acrylamide hydrogels (PA; 0.5 or 20 kPa), media was changed every 
day. PA hydrogels were fabricated and matrix proteins, for exam-
ple, collagen type I, were attached using well-established protocols 
(Tse and Engler, 2010). Briefly, PA hydrogels were made on 12-mm 
or 25-mm glass coverslips that had been methacrylated by first oxi-
dizing the surface through UV/ozone exposure (BioForce Nanosci-
ences), followed by functionalization with 20-mM 3-(trimethoxysilyl)
propyl methacrylate (Sigma-Aldrich, cat # 440159) in ethanol. A 
polymer solution containing either 3%/0.06% acrylamide/bis-acryl-
amide (Fisher) for 0.5 kPa hydrogels or 8%/0.264% for 20 kPa hy-
drogels, 1% vol/vol of 10% ammonium persulfate (Fisher), and 0.1% 
vol/vol of N,N,N′,N′-tetramethylethylenediamine (VWR) was pre-
pared. Approximately 15 μl for 12-mm coverslips and 30 μl for 25-
mm coverslips of hydrogel solution were sandwiched between a 
functionalized coverslip and a dichlorodimethylsilane-treated glass 
slide and polymerized for 10 and 30 min, respectively, for 20 kPa 
and 0.5 kPa gels. Hydrogels were incubated in 0.2 mg/ml sulfo-

SANPAH (Fisher, cat #22589) in sterile 50-mM HEPES pH 8.5, acti-
vated with UV light (wavelength 350 nm, intensity 4 mW/cm2) for 10 
min, washed three times in PBS, and then incubated in 150 μg/ml 
collagen solution (Corning) overnight at 37°C.

LPA, Blebbistatin, or Perifosin was also selectively applied during 
the conditioning phase. After 5 d of conditioning, cells were trypsin-
ized with 0.25% trypsin-EDTA for 20 min at 37°C, 5% CO2, and re-
plated on soft (0.5 kPa) gels to be incubated one more day at 37°C, 
5% CO2. FAK inhibitor 14 was applied during replating phase.

Real-time PCR
RNA was extracted from cells using using RNeasy Mini Kit (Qiagen) 
and total RNA quantity and quality were checked via A280/A260 
ratio. Reverse transcription was performed with SuperScript IV Re-
verse Transcriptase (ThermoFisher Scientific, #180090010) on 2 μg 
of RNA template. Quantitative PCR was performed (45 cycles, 95°C 
for 15 s, followed by 60°C for 1 min) using a 7900HT Fast Real-Time 
PCR System (Thermo) with the primer sets described in Supplemen-
tal Table S6 and PowerSYBR Green Supermix (Applied Biosystems, 
#436759). Target genes expressed in experimental groups were 
normalized with genes (including GAPDH as housekeeping gene) 
expressed in native Cal27 as control using delta-delta-Ct method.

Migration assay
OSCC cells were plated on either 0.5 or 20 kPa PA hydrogels for 12 
h and were then imaged with a Nikon Eclipse Ti-S microscope 
equipped with a motorized temperature- and CO2-controlled stage. 
Cells were imaged at 10× in brightfield at multiple positions every 
15 min for 24 h. For analysis of migration parameters, the nucleus of 
each migratory cell was used as a reference point to track each cell 
with the “Manual Tracking” plugin on ImageJ. Migration was con-
sidered to be in single-cell mode when a cell did not touch any 
other cell during its migration movement. Migration was considered 
to be in collective-cell mode when cells migrated in a group of two 
or more cells.

Phospho-kinase array
Protein phosphorylation was examined using a membrane-based 
sandwich immunoassay (Proteome Profiler Array, R&D Systems, 
#ARY003C) according to the manufacturers’ instructions. Briefly, 
total Cal27 cells were trypsinized after 5 d in soft (0.5 kPa) or stiff 
(20 kPa) substrate and replated in another stiffness for 1 h in six-well 
plates. Cells plated in the same substrate after 5 d were used as a 
control. Lysates were made from cultures and a total of 300-μg pro-
tein was then incubated with the Human Phospho-Kinase Array. The 
proteins present in a lysate sample were captured by discrete anti-
bodies printed in duplicate across the nitrocellulose membranes. 
The array was washed 3× with buffer for 10 min on a rocking plat-
form shaker and then incubated with a cocktail of biotinylated de-
tection antibodies and subsequent application of streptavidin-HRP 
conjugate. The signals were detected with Chemi Reagent Mix 
(R&D Systems, Abingdon, Oxford, UK). Developed signals were 
analyzed using ImageJ analysis software.

Western blotting
Cells were lysed with mRIPA buffer and total amount of protein was 
measured by BCA assay kit (Pierce; #23225). Approximately 
10–15 µg of protein per sample was denatured by 4× Laemlli sample 
buffer and heated at 95°C for 5 min. Samples were loaded to only 
5% Bis-Tris gels and underwent electrophoresis under 140 V for 
1.5 h. Proteins on gel were blotted to nitrocellulose membrane using 
iBlot semidry transfer system (Invitrogen, #IB21000). The membrane 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-07-0266
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was blocked for an hour at room temperature. The membrane was 
first immunoassayed with primary antibody at 4°C for 24 h to detect 
NMM2A (1:500, Cell Signaling, #3403), NMM2B (1:500, Cell Signal-
ing, #8824), NMM2C (1:500, Cell Signaling, #8189), E-cadherin 
(1:1000, Cell Signaling, #3915), N-cadherin (1:1000, Cell Signaling, 
#13116), pFAK (1:1000, Cell Signaling, #3283), MLCK (1:1000, 
Sigma-Aldrich, #SAB4200808), and Tubulin (Sigma-Aldrich, 
#SAB4500088). After overnight incubation, the membrane was 
rinsed with buffer three times, 5 min per rinse. The membrane was 
incubated with Alexa Fluor 680 donkey antimouse (1:5000, Invitro-
gen, A10038) and Alexa Fluor 790 donkey antirabbit (1:5000, Invit-
rogen, A11374) diluted by blocking buffer for an hour at room tem-
perature. Image was acquired by LI-COR Odyssey CLx imaging 
software and analyzed by Image Studio Lite.

Immunofluorescence
After conditioning and replating phase, Cal27 were fixed on the 
PAAGS (3.7% paraformaldehyde, 15 min, RT). In addition to condi-
tioned cells, Cal27 and SCC25 were fixed after overnight incubation 
on gel to be used as control. Cells were washed with PBS (3×, 10 min 
each), permeabilized (30 min) with 0.5% Triton X in Solution A, and 
blocked (30 min) with 0.1% Triton X in buffer (0.3-M Glycine, 10% 
FBS, and 1% Bovine Serum Albumin in Solution A). After rinsing (3×, 
10 min each) with Solution A, anti-E-Cadherin (1:200, Cell Signaling, 
#3915) and anti-NMM2A (1:50, Cell Signaling, #3403) antibodies in 
IF buffer were applied to fixed samples and incubated overnight at 
4°C. After rinsing with Solution A (3×, 10 min each), samples were 
selectively stained with antirabbit (1:500, 1:500, ThermoFisher 
Scientific, #A-11008) or antimouse (1:500, ThermoFisher Scientific, 
#A28175) secondary antibodies for 2 h at room temperature. Nuclei 
and actin staining was done with DAPI (1:1000, Tocris, #5748) and 
rhodamine−phalloidin (1:250, Cytoskeleton., #PHDR1) for 20 min at 
room temperature on shaker. After staining, samples were rinsed 
once with 0.5% Triton X in solution A (5 min), twice with solution A 
(10 min each), and once with DI water. Samples prepared on cover-
slip were mounted on microscope slide with fluoromount, and im-
ages were acquired by Keyence BZ-X800 microscope.

ImageJ was used to analyze immunofluorescent images. For 
E-cadherin–stained samples, images had their background sub-
tracted. Then, the edge of each cell was traced in the actin channel 
and pixel intensity with respect to the radial distance from the center 
of the cell was measured in E-cadherin channel with “Radial Profile” 
plugin in ImageJ. Cells with aspect ratio below 2 were used for anal-
ysis to remove the measurement error due to cell morphology. For 
each cell, pixel intensity for pixels within the first and last 5% of the 
cell radius was averaged and plotted as a ratio of edge/center. For 
NMM2-stained samples, average intensity per cell was plotted and 
normalized to the batch average for control SCC25 cells.

RNA sequencing
RNA from Cal27 cells cultured in “Learn” versus “Don’t Learn” or 
“Forget” conditions was collected by RNeasy Minit Kit (QIAGEN, 
74104). The purified RNA was then processed by the Institute for 
Genomic Medicine at University California San Diego. RNA integrity 
was analyzed using an Agilent Tape station system and precise RNA 
concentration determined using a Qubit 2.0 Fluorometer. Libraries 
were built using the Illumina TruSeq Stranded RNA, High Through-
put Library Prep Kit and sequenced on a NovaSeq 6000 for samples 
with RIN numbers at 9.0 and above. RNA-sequencing data were 
analyzed by ROSALIND (https://rosalind.onramp.bio/), with a 
HyperScale architecture (ROSALIND, San Diego, CA). Reads were 
trimmed using cutadapt (Martin, 2011). Quality scores were assessed 

using FastQC (Babraham Bioinformatics, Cambridge, UK). Reads 
were aligned to the human genome build dm6 using STAR (Dobin 
et al., 2013). Individual sample reads were quantified using HTseq 
(Anders et al., 2015) and normalized via Relative Log Expression us-
ing DESeq2 R library (Love et al., 2014). DEseq2 was also used to 
calculate fold changes and p values and perform optional covariate 
correction. Clustering of genes for the final heat map of DEGs was 
done using the Partitioning Around Medoids method using the fpc 
R library. Functional enrichment analysis of pathways, gene ontol-
ogy, domain structure, and other ontologies were performed using 
HOMER (Duttke et al., 2019). Enrichment was calculated relative to 
a set of background genes relevant for the experiment. Panther was 
used to assess GO terms for gene lists generated in ROSALIND.

TCGA data set analysis
TCGA raw data were directly downloaded from NIH NCI GDC Data 
portal. Corresponding clinical metadata were obtained from a previ-
ous publication (Liu et al., 2018). Among the patient data with head-
neck squamous carcinoma, those whose primary site is either base 
of tongue or other and unspecified parts of tongue were used for 
analysis. The 5-y survival rate of patients was correlated with gene 
expression corresponding to “Learn” or “Don’t Learn/Forget.” Ex-
pression of the differentially expressed gene between “Learn” and 
“Don’t Learn/Forget” subgroups was normalized by z-score based 
on the mean of each gene expression across the whole patient data. 
For every patient, z-score of all DEG was summed, and z-score–
based quintiles were mapped to “Learn” and “Don’t Learn/Forget” 
categories. The Kaplan–Meier method was used to create overall 
survival and progression-free interval comparing the top and bot-
tom quantile of patient data. To determine the significance of sur-
vival rate difference between two groups, log-rank test was used. 
Survival analysis includes the Lifelines python library (https:// 
lifelines.readthedocs.io/en/latest/).

Data availability
Data generated in this study were deposited to NCBI under 
GEO207685. We do not impose any restrictions on data availability. 
Relevant scripts for the analysis of TCGA data are available at: 
https://github.com/englea52/OSCC_Memory.git

Statistics
All data are shown from triplicate biological replicates with the total 
number of measurements made indicated in figure legends. For 
qPCR gene expression, 2D migration assays, 3D spheroid invasion, 
and immunofluorescence and immunohistological quantification, 
data were analyzed by one-way analysis of variance with Tukey’s 
posttest or multiple comparisons test as indicated. For all analyses, 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Significance 
for TCGA analyses was performed with a log-rank (Mantel–Cox) 
test. Data expressed as box-and-whisker plots show all points with 
the mean and whisker ends corresponding to minimum and maxi-
mum values. All other values are expressed as mean ± SD. Statistical 
analyses were performed using Prism software.
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