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ABSTRACT

Extracellular biophysical cues such as matrix stiffness are key stimuli tuning cell fate and affecting tumor progression in vivo. However, it
remains unclear how cancer spheroids in a 3D microenvironment perceive matrix mechanical stiffness stimuli and translate them into
intracellular signals driving progression. Mechanosensitive Piezo1 and TRPV4 ion channels, upregulated in many malignancies, are major
transducers of such physical stimuli into biochemical responses. Most mechanotransduction studies probing the reception of changing
stiffness cues by cells are, however, still limited to 2D culture systems or cell-extracellular matrix models, which lack the major cell–cell inter-
actions prevalent in 3D cancer tumors. Here, we engineered a 3D spheroid culture environment with varying mechanobiological properties
to study the effect of static matrix stiffness stimuli on mechanosensitive and malignant phenotypes in oral squamous cell carcinoma sphe-
roids. We find that spheroid growth is enhanced when cultured in stiff extracellular matrix. We show that the protein expression of mechano-
receptor Piezo1 and stemness marker CD44 is upregulated in stiff matrix. We also report the upregulation of a selection of genes with
associations to mechanoreception, ion channel transport, extracellular matrix organization, and tumorigenic phenotypes in stiff matrix sphe-
roids. Together, our results indicate that cancer cells in 3D spheroids utilize mechanosensitive ion channels Piezo1 and TRPV4 as means to
sense changes in static extracellular matrix stiffness, and that stiffness drives pro-tumorigenic phenotypes in oral squamous cell carcinoma.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0210134

INTRODUCTION

Biophysical alterations in the tumor microenvironment are one set
of key components disrupting tissue homeostasis and driving cancer.
These alterations can be attributed to four distinct mechanical hallmarks
of cancer, namely, elevated solid stress, increased interstitial fluid pres-
sure, augmented stiffness, and altered tissue microarchitecture known to

further regulate cell fate.1,2 In particular, increased extracellular matrix
(ECM) stiffness is a mechanical characteristic of solid tumors that has
been shown to regulate and promote biological hallmarks of cancer,
including growth, metabolism, invasion, and metastasis in several cancer
types.3,4 Much of the seminal work revealing the regulation of cell func-
tion by matrix stiffness was enabled by the pioneering development of a
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polyacrylamide-based cell culture system with tunable elastic modulus
by Pelham and Wang.5 This system enabled some of the first studies
investigating the effect of matrix stiffness on cancer cell function.6 The
utility of 2D culture systems such as this one is, however, limiting since
the complex 3D structural and topographical features of tumors are not
recapitulated. The advent of 3D culture techniques such as spheroids
and tumor-on-chip platforms has bridged this gap and revolutionized
in vitro preclinical models capable of better mimicking the genetic, pro-
teomic, morphological, and pharmacological features of tumors in vivo.7

Over the past few years, studies adopting 3D culture systems to
look at the influence of matrix stiffness on cancer spheroid behavior
have emerged. In breast cancer, matrix stiffness has been reported to
regulate the growth of breast cancer tumor spheroids and their
response to chemotherapy using collagen-alginate hydrogels of varying
stiffness.8 Another set of studies investigated that matrix stiffness-
mediated mechanotransduction regulated 3D spheroid sorting and
collective migration, cell viability, morphology, and invasion as well as
EMT and tumor metastasis using spheroids generated from breast can-
cer cell lines.9–11 In ovarian cancer, mechanical stiffness of the underly-
ing fibronectin-coated hydrogel substrate has been found to directly
regulate spheroid disaggregation, indicative of the effect of ECM stiffen-
ing on spheroid invasion in vivo.12 Using a PEGDA-printed tumor-on-
a-chip platform, Amereh et al. investigated the influence of matrix stiff-
ness on the growth and invasion of human glioblastoma tumoroids.13

Importantly, the influence of matrix stiffness on cell behavior is also
highly dependent on the cell type and the biomaterial being used. As
such, the responses of cancer spheroids to the mechanical environment
are being increasingly well characterized, but the specific modalities by
which cells in 3D spheroids, particularly in oral squamous cell carci-
noma, sense differences in ECM stiffness remain to be probed.

Cancer cells are equipped with a variety of mechanosensory com-
ponents, including integrins, cadherins, and mechanosensitive cation
channels (MSCs) that sense changes in mechanical cues and transduce
them into biochemical signaling pathways fostering malignant cell
behavior. Piezo channels and some transient receptor potentials
(TRPs) are the two most distinctive MSC families involved in cancer.
Mechanosensitive Piezo1 ion channels, upregulated in many malig-
nancies, mostly of epithelial origin are polymodal sensors of diverse
mechanical forces, including osmotic pressure, fluid shear stress, sub-
strate stiffness, and confinement.14,15 Among the TRP superfamily of
ion channels, TRPV4 (vanilloid receptor family member IV) is a non-
selective MSC involved in different types of cancer, activated by cell
swelling, shear stress, moderate temperatures, hypoosmotic conditions,
and chemical agonists.16,17 Additionally, TRPV4 also acts as a sensor
of ECM stiffness.18 Overexpression of Piezo1 and TRPV4 intervenes in
cancer progression by influencing several tumor-related mechanisms,
including proliferation, apoptosis, angiogenesis, migration, and inva-
sion.14,19–21 Most stiffness-activated Piezo1 and TRPV4 mechano-
transduction studies are, however, still limited to dynamic
environments or two-dimensional culture models.22–24 Additionally,
these studies are largely restricted to assessing the influence of matrix
stiffness on single cells and thereby lack prominent cell–cell interac-
tions in tumors. To this end, whether and how cancer spheroids in a
3D microenvironment utilize MSCs such as TRPV4 or Piezo1 ion
channels to sense matrix stiffness cues remains to be seen.

Head and neck squamous cell carcinoma (HNSCC) is the seventh
most common cancer globally.25 Mechanopathology of oral squamous

cell carcinoma (OSCC), an HNSCC malignancy, has been reported to
have a 3.6-fold increase in tissue stiffness as compared to normal coun-
terpart tissue owing to ECM remodeling.26 Overall, a stiffened matrix
has been correlated with poor survival and post-surgical recurrence in
OSCC.27,28 However, biophysical mechanisms by which stiffening of
the ECM drives OSCC progression remain to be determined. Here, we
engineered a 3D spheroid culture environment with varying biome-
chanical properties to study the effect of static matrix stiffness stimuli
on mechanosensitive and tumorigenic components in OSCC tumors.
Cal27 spheroids cultured in varying stiffnesses were monitored for
growth and assessed for Piezo1 and stemness marker CD44 protein
expressions. Matrix stiffness was found to have a profound influence
on the transcriptomic level of Cal27 spheroids with specific selections
of genes involved in mechanoreception, ECM organization, ion chan-
nel transport, and pro-tumorigenic phenotypes found to be upregu-
lated in spheroids cultured in the stiff ECM. Taken together, the
results suggested that cancer spheroids respond to static matrix stiff-
ness cues through mechanosensory Piezo1 and TRPV4 ion channels,
and that stiffness drives phenotypic alterations driving cancer progres-
sion in OSCC spheroids. Overall, our proof-of-concept study demon-
strated that the extension and utility of this model, with future
incorporation of multiple cell types and patient-derived cells, have
immense potential to serve as a relevant in vitro system to study the
effect of targeting ECM stiffness and mechanosensors as emerging
strategies to treat cancer.19

RESULTS
Mechanical characterization of soft and stiff hydrogels

Healthy marginal tissue from squamous cell hyperplasia has been
reported to have Young’s modulus of 0.96 1.2 kPa using Atomic Force
Microscopy (AFM). This is significantly softer than 46 5.5 kPa for
squamous cell carcinoma tissue.26 In our study, Growth Factor Reduced
(GFR) Matrigel at 3 and 12mg/ml concentrations was used to simulate
a soft and stiff ECM, respectively, for 3D cell culture conditions
[Fig. 1(a)]. Since the length scale of the testing method factors into elastic
modulus measurements, hydrogels were characterized two-fold at differ-
ent measurement scales—macroscale using rheometry and microscale
using AFM.29 Rheological strain sweep of 20mm hydrogel samples indi-
cated an increase in the loss (G00) and storage (G0) moduli with concen-
tration with a linear viscoelastic response observed up to 50% strain
[Figs. 1(b) and 1(c)]. Mechanical characterization by shear rheology
indicated an eightfold increase in storage (G0) and Young’s (E) moduli
at the bulk level with the storage modulus being 0.00966 0.0006kPa for
soft and 0.08286 0.0130kPa for stiff conditions [Fig. 1(d)]. Mean stiff-
ness (E) was found to be 0.028936 0.0018 and 0.24856 0.0390kPa for
soft and stiff conditions, respectively [Fig. 1(d)]. Since local inhomogene-
ity in stiffness can occur, a total of hundred subsequent locations were
measured using AFM for each sample (supplementary material Fig. S1).
AFM indicated a threefold increase in stiffness at the intermolecular
level with mean Young’s moduli (E) being 0.31836 0.1547 and
0.88986 0.1109 kPa for soft and stiff hydrogels, respectively [Fig. 1(e)].

Spheroid size positively correlates with matrix stiffness
over time in culture

Spheroids grown in soft and stiff conditions were assessed for
growth and morphology over a culture period of 14days. Day 14 sphe-
roids were visualized using immunofluorescent staining for the nuclei
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(DAPI), and Piezo1 (FITC) and CD44 (APC) target markers using con-
focal microscopy with z-stacks performed across the spheroid height
[Figs. 2(a) and 2(b)]. Spheroid growth assessment over time in culture
indicated increased surface area for samples under stiff conditions as
compared to those in soft conditions. This increase in area was observed
to be more prominent beyond six days of culture [Fig. 2(c)]. Quantitative

analysis of day 14 spheroids indicated a significant increase in average
diameter [Fig. 2(d)] and surface area [Fig. 2(e)] with increase in stiffness,
while no significant difference was observed in the average number of
cells per spheroid between the two groups (supplementary material Figs.
S2 and S3). Soft matrix spheroids were found to have an average diame-
ter of 135.86 19.9lm. This value increased to 243.06 46.2lm for stiff

FIG. 1. Mechanical characterization of (a) soft and stiff Matrigel defined by 3 and 12mg/ml concentrations, respectively. (b) 20 mm circular hydrogel samples were fabricated
using a mold for mechanical testing (left). Shear rheology testing setup with a loaded sample (right) (c). Oscillation strain curves indicating loss (G00) and storage (G0) moduli for
soft and stiff hydrogels, respectively. Measurements are taken over an oscillation strain range from 0.1% to 100% (n¼ 3 each) (d). Relative storage (G0) and Young’s (E) moduli
derived at 1% strain from shear rheology (n¼ 3 each) (e). Relative Young’s (E) moduli measured by atomic force microscopy (n¼ 3 each). Data are represented as mean
6 SEM. ���p< 0.001 and ����p< 0.0001.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 036106 (2024); doi: 10.1063/5.0210134 8, 036106-3

VC Author(s) 2024

https://doi.org/10.60893/figshare.apb.c.7360159
pubs.aip.org/aip/apb


matrix spheroids. Average spheroid area was found to be 0.0276 0.003
and 0.0436 0.013mm2 for soft and stiff conditions, respectively.

3D matrix stiffness regulates Piezo1 activity and
stemness marker expression

To study the role of matrix stiffness on Piezo1 expression, sphe-
roids grown in soft and stiff conditions were harvested and lysed into
single cells upon 14days of culture for flow cytometry analysis
[Fig. 3(a)]. Figure 3(b) shows relevant controls including unstained and
isotype samples. Flow cytometric analysis indicated a 2.8-fold increase
in mean Piezo1 expression with 12.9%6 4.0% positive cells for stiff

conditions as compared to 4.6%6 3.7% positive cells for soft conditions
[Figs. 3(c) and 3(d)]. A similar positive trend was observed for the CD44
cancer stem cell-like marker with a 1.2-fold increase in mean expression
with 87.0%6 8.0% positive cells for stiff conditions as compared to
73.5%6 10.3% positive cells for soft conditions [Figs. 3(e) and 3(f)].
Immunofluorescence imaging of frozen spheroid sections indicated that
the presence of Piezo1 and CD44 is relatively uniform across soft
matrix-derived spheroids and appears to become more prominent
toward the peripheral regions for stiff matrix spheroids (supplementary
material Fig. S4). Taken together, this suggests that Piezo1 is a mechano-
sensor of static matrix stiffness, and that OSCC progression is regulated
in a 3Dmatrix stiffness-dependent manner.

FIG. 2. Morphological analysis of Cal27 spheroids grown in soft and stiff matrix conditions (a). Workflow indicating experimental timeline and procedure breakdown (b).
Representative confocal z-stack maximum intensity and 3D alpha blended projections of day 14 spheroids cultured in soft and stiff conditions, stained for the nuclei (DAPI),
Piezo1 (green), and CD44 (magenta). Scale bar¼ 50 lm. (c). Temporal evolution of tumor area over 14 days in culture for both conditions. Each solid mark represents the
average of at least n¼ 15 spheroids with SEM. (d) Relative diameter and (e). Surface area of day 14 spheroids. �p< 0.05 and ���p< 0.001.
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Matrix stiffness influences a broad set of transcripts in
Cal27 spheroids

To study the role of matrix stiffness at a transcriptomic level, sphe-
roids grown in soft and stiff conditions were harvested upon 14days of
culture, and total RNA isolation and sequencing was performed
[Fig. 4(a)]. Quality control of samples (n¼ 3 per condition) revealed
good concentration and integrity of RNA (supplementary material
Table S1). Visualization of the likeness between transcriptomic profiles

of samples using principal component analysis (PCA) indicated a 97%
variance in the mRNA composition of spheroids grown in soft and stiff
conditions, with high consistency across biological replicates, upon
14days of culture [Fig. 4(b)]. Substrate stiffness elicited a pronounced
impact on the transcriptome with 4778 DEGs (log2FoldChange
> j0.58j and q-value <¼ 0.05) between the soft and stiff matrix
groups [Fig. 4(c)]. Of these, 2581 genes were upregulated (negative
log2FoldChange), while 2197 genes were downregulated (positive

FIG. 3. 3D matrix stiffness regulates Piezo1 and CD44 expressions in Cal27 spheroids post 14 days of culture. (a) Workflow indicating experimental timeline and procedure
breakdown. (b) Flow cytometry controls indicating (i) gating of single cells and (ii) unstained and isotype controls for (iii) IgG1 and (iv) IgG2b. (c). Representative contour plots
and histogram indicating relative Piezo1 expression between soft and stiff conditions (d). Quantitative analysis of Piezo1 positivity marked by percentage of positive cells (n¼ 3
each) (e). Representative contour plots and histogram indicating relative CD44 expression between soft and stiff conditions (f). Quantitative analysis of CD44 positivity marked
by percentage cells (n¼ 3 each). Data are represented as mean 6 SEM. �p< 0.05 and ��p< 0.01.
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log2FoldChange) in stiff matrices [Fig. 4(c)]. A heatmap of all DEGs
across the two groups is provided in the supplementary material
(supplementary material Fig. S5). To assess the influence of increased
matrix stiffness on mechanosensitive and malignant phenotypes in

OSCC spheroids, we looked at a selection of upregulated DEGs with
associations to mechanotransduction [Fig. 4(d), boxed in lilac], ECM
organization [Fig. 4(d), boxed in orange], ion channel transport
[Fig. 4(d), boxed in green], and tumorigenesis [Fig. 4(d), boxed in blue].

FIG. 4. Matrix stiffness alters gene expression profiles of Cal27 spheroids after 14 days of culture (a). Workflow indicating experimental timeline and procedure breakdown (b).
Principal component analysis wherein PC1 explains 97% of the variance and PC2 explains 2% of the variance. Gray dots indicate soft matrix samples (n¼ 3), and blue dots
indicate stiff matrix samples (n¼ 3) (c). Volcano plot (log2fold change vs log10FDR) of stiffness-dependent differentially expressed genes (DEGs) (log2FoldChange > j0.58j
and q-value <¼ 0.05). Negative fold change indicates relatively increased expression in spheroids in stiff matrices (green font), and positive fold change indicates relatively
decreased expression in spheroids in stiff matrices (red font) quantified by RNA sequencing (d). Heatmap of a selection of DEGs upregulated in stiff matrix samples with yellow
indicating relatively high expression and violet indicating relatively low expression of genes specified row-wise for samples specified column-wise (n¼ 3 per group).
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Critical mechano-signal transducers are overexpressed
in stiff matrix spheroids

It has been well established that both the ECM itself and ECM
stiffening-induced mechanical stimuli may activate cell membrane
receptors and mechanosensors such as integrin, Piezo1, and TRPV4,
thereby modulating the malignant phenotype of tumor cells.19 RNA
sequencing performed in this study revealed that the TRPV4 nonselec-
tive cation channel was significantly overexpressed in the stiff substrate
groups. TRPV4 is a critical sensor of matrix stiffness cues and is impli-
cated in regulating cancer cell motility, invasion, and extravasation.
Additionally, TRPV4 can also promote matrix stiffness-induced
EMT.20,30 Interestingly, the Piezo1 gene was not found to be signifi-
cantly differentially expressed between the soft and stiff matrix condi-
tions. Several genes reported to have associations with Piezo1 activity
including DKK3, OBSCN, TNNT1, MAPK-10, -15, and -BP1 were,
however, found to be upregulated in the stiff matrix groups.31 As men-
tioned previously, integrin is another critical transducer that mediates
the tumor-promoting effects of ECM stiffening in cancer.19 In line
with this, our sequencing results revealed overexpression of certain
members of the integrin subunit alpha family including ITGA5,
ITGA2B, and ITGAM in spheroids cultured in stiff matrices.

Mechanical stiffness influences ion transport in a
mechanoelectrical coupling manner

Interestingly, sodium voltage-gated channel beta subunits SCN2B
and SCN4B were two of the five maximally upregulated genes in the
stiff matrix groups. Sodium channel gating kinetics of these genes are
involved in cell action potential along with cell–cell adhesion and cell
migration.32 Furthermore, a set of genes associated with ion channel
transport including ATP-8B3, -2A1, -12A, -1A1, CLCA2, ASIC3,
ASIC4, WNK4, FXYD2, and CUTC were found to be upregulated in
stiff matrix spheroids.33–36 Genes with involvement in calcium signal-
ing such as PRKCA, F2R, CAMK4, and CAMK2A were also observed
to be upregulated in the stiff matrix groups.37,38 This differential
expression of genes involved in ion channel transport, particularly
those without a primarily mechanosensitive modality, indicates the
potential influence of 3D matrix stiffness on cellular depolarization in
squamous cell carcinoma spheroids.

Extracellular matrix stiffness regulators are
upregulated in stiff matrices

ECM regulators such as COL5A3, ECM1, TNXB, COL13A1,
SERPINE1, TGFB1, and BMP2 were all upregulated on stiff matrices
as compared to the soft ones.39 Additionally, lysyl oxidase (LOX) fam-
ily genes, including LOX, LOXL1, and LOXL2, and matrix metallopro-
teinases (MMPs), including MMP1, MMP7, and MMP9, were also
upregulated in spheroids cultured in stiff substrates. The LOX family
proteins are major molecules contributing to matrix cross-linking,
which is critical for stiffening cancer tissue.40 Additionally, broader
microenvironmental changes triggered by LOX family oxidases, in
synergy with stiff ECM, promote cancer cell proliferation and inva-
sion.41 Similarly, the MMP family of zinc-dependent proteinases plays
a crucial role in ECMmaintenance and remodeling by degrading ECM
proteins and playing a role in several stages of themultistep carcinogen-
esis cascade.40 Caveolin-1 (CAV1) was another ECM-regulating gene

found to be upregulated in the stiff matrix groups. CAV1 controls focal
adhesion stability, actin reorganization, and actomyosin contraction
and participates in mechanotransduction driving ECM remodeling.42

Overall, these results indicate the presence of a feedback loop mecha-
nism wherein stiff substrates stimulate the expression of ECM-
regulating genes associated with matrix remodeling, giving rise to
increasingly stiff and tumorigenic ECM.

Stiff matrix spheroids exhibit enhanced tumorigenic
and malignant phenotypes

Endothelin-2 (EDN2) and Vimentin (VIM) were another two of
the ten maximally upregulated genes in stiff matrix spheroids. Both
these genes are associated with malignant progression with EDN2
involved in tumorigenesis and VIM playing a role in cell attachment,
migration, and metastasis.20 Certain other genes such as MAPK3,
RAC3, JAK3, and Rho-GTPases RHOG and RHOD with associations
to cancer-promoting signals were also found to be upregulated in stiff
hydrogel spheroids.43,44 Stiff substrate groups also indicated the pres-
ence of common EMT-associated genes in cancer such as CD44,
COL5A3, SERPINE1, LAMC2, TGFB1, CDH13, SPARC, and certain
integrins.45,46 Additionally, genes associated specifically with tumor
progression in OSCC including CDKN2A and PDGFB were also
found to be upregulated with stiffness.47 Interestingly, certain members
of the heat shock protein (Hsp)-associated genes including HSPB3,
HSPA6, HSPB1, HSPA1L, and HSPA2 that play a key role in regulat-
ing cancer cell tumorigenicity in response to mechanical stresses were
another set of genes upregulated in stiff groups.48 These findings indi-
cate that elevated matrix stiffness induces a malignant phenotype in
squamous cell carcinoma spheroids.

DISCUSSION

Our study aims to explore how matrix stiffness influences cell
behavior in three-dimensional spheroids as a static biomechanical cue.
Mechanisms by which spheroids sense differences in ECM stiffness
can be highly dependent on both—the cells utilized to form the sphe-
roids and the biomaterial used to mimic the ECM. Here, we utilized a
Matrigel-based liquid overlay platform for three-dimensional culture
of Cal27 oral squamous cell carcinoma spheroids. The formation of
Matrigel consisting of ECM-rich proteins including laminin, collagen
IV, and entactin enables effective culturing of 3D spheroids and orga-
noids and has been widely utilized in cancer research.49 Matrigel has
also been found to have a more homogenous network structure as
compared to other ECM protein-based hydrogels.50 In our study, the
utility of growth factor reduced (GFR) Matrigel resulted in a reduction
of abundance levels of growth factors minimizing their influence on
cell behavior between groups.51 Batch-to-batch variability, another
challenge associated with Matrigel, was mitigated by utilizing the same
batch of products for replicate experiments throughout the study.
However, it is important to note that since stiffness was controlled by
varying Matrigel concentration, other overarching factors could also
be influencing spheroid growth between the two groups. As such, since
hydrogel stiffness is generally controlled by varying polymer concen-
trations, the resulting change in pore size (and thus in transport prop-
erties) and a varying density of cell adhesion sites could also affect
spheroid growth.52 For instance, gel stiffness, cell migration speed, and
particle diffusion have been reported to correlate with a certain degree,
which is largely attributed to differences in gel microarchitecture.53 In
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general, increased protein concentration results in smaller pore sizes
and higher gel stiffness (Matrigel has been reported to have a pore
size of �0.30 nm at a concentration of 3.5mg/ml and �0.14 nm at
7.4mg/ml).50,53 It is worthwhile to note that Zaman et al. have previ-
ously reported that since Matrigel pore sizes are much smaller than
cellular dimensions (as opposed to hydrogels such as collagen), pore
size exerts less of an influence on migration as compared to mechani-
cal stiffness, cell-matrix adhesion, and proteolysis.54 Decoupling the
role of matrix stiffness and biochemical properties while utilizing more
native ECM-like hydrogels, however, remains a prevailing challenge in
probing spheroidal colony growth under varying stiffness stimuli.52

Mechanical characterization of hydrogels revealed an 8- and
threefold increase in matrix stiffness from soft to stiff groups using
shear rheology and AFM, respectively. AFM indicated a stiffness of
�0.3 kPa for our soft and �1 kPa for our stiff hydrogels, reflective of
the lower pathologic stiffness range of 0.9 6 1.2 kPa for marginal
healthy tissue and 46 5.5 kPa for squamous cell carcinoma tissues.26

AFM indentations indicated certain heterogeneity in measurements
between subsequent locations. Whether the nonuniform points are
due to a dead zone, consecutive indentations, temperature change, or
due to spatial technical issues is uncertain. Such local inhomogeneity
in the mechanical properties of ECMs and tissues has been heavily
reported with multiple-point measurements commonly used to miti-
gate the influence of outliers.26 Additionally, while bulk rheometry is a
macroscopic test method that exposes testing samples to oscillatory
shear strains, AFM indentations probe highly localized surface proper-
ties of a material. Discrepancies between Young’s modulus from rheo-
logical and AFM measurements for our samples are, thus, expected to
have resulted from factors including length scale differences in test
modes (bulk vs local), different stress modes (shear vs compression),
and temperature conditions as reported previously.55 The stiffness
range achieved in this study while representative of the lower patholog-
ical elastic moduli of healthy and cancerous oral tissue is still low and
cannot represent increasingly stiff tissues in advanced stages.
Hydrogels facilitating spheroid culture as efficiently as Matrigel while
also providing a larger range of tunability are worth investigating for
this reason. However, it is also important to note that different hydro-
gels with the same stiffness can evoke different cellular responses
owing to the presence of varying matrix proteins.11

Morphological analysis of spheroids cultured in soft and stiff
Matrigel matrices showed that Cal27 cancer cells in stiff hydrogels
developed into larger spheroidal colonies than those in the soft gels
with a 58% increase in the average area. Such a positive correlation
between ECM rigidity and cell spreading and morphology has been
extensively studied.3,8,12,56 Wong et al. have also shown that cancer
cells exhibit robust growth of spheroids in stiff hydrogels that exert
substantial confining stress on the cells.48 This change in spheroid
growth can be further attributed to the presence of a relationship
between tumor stiffness and solid stress as described by Kalli and
Stylianopoulos using the simple analogy of a spring that obeys Hooke’s
law. According to this theory, when a tumor grows and pushes the sur-
rounding tissue, the total solid stress transmitted in the tumor interior
is a combination of the external stress from the tissue and the growth-
induced stress generated from mechanical interactions within the
tumor. In the case that the tumor stiffens over time (Etumor > Etissue), it
can push against the tissue and increase in size.57 RNA sequencing per-
formed in our study did show increased expression of collagen and

LOX-family genes in spheroids in stiff ECM, indicating that the
increase in size of spheroids in the stiff matrix can potentially be attrib-
uted to such matrix-induced stiffening of the spheroids. Additionally,
we utilized immunofluorescence staining followed by confocal micros-
copy to visualize Piezo1 and CD44 in day 14 spheroids. However, con-
sidering challenges such as uneven antibody penetration through
intact 3D structures of this size scale and differences in size between
the two groups, confocal data were not utilized to quantify or localize
marker expression. Protein marker analysis using flow cytometry indi-
cated an increase in Piezo1 and CD44 expression levels with an
increase in stiffness. Since bulk-level flow cytometry analyzes thou-
sands of cells to quantify average expression levels and does not allow
for probing of the origin of the cells analyzed, this was complemented
by immunofluorescence staining of frozen spheroid sections. Imaging
of sections indicated that Piezo1 expression is uniform over the spher-
oid section for soft matrix spheroids. This presence appears to be
stronger toward peripheral regions for spheroids from the stiff matri-
ces, potentially due to increased cell–ECM interactions and matrix
mechanical forces.

A myriad of mechanisms and molecules are involved in the pro-
cess of mechanosensation and tumor progression.58 Mechanosensitive
ion channels are pivotal players in these processes due to their capability
of serving as excellent first responders, signal integrators, information
encoders, and drug targets. As mentioned previously, matrix stiffness-
induced mechanical stimuli primarily activate mechanoreceptors such
as Piezo1 and TRPV4 ion channels and integrin.19,30 In our study,
mRNA levels for TRPV4 and certain integrins were found to be upregu-
lated in stiff matrix spheroids indicating their role in sensing changes in
stiffness cues. Since increased protein concentration has also been
reported to express increased integrins for cell adhesion, decoupling the
influence of stiffness on the integrins upregulated in our dataset needs
to be further investigated.54 Additionally, spheroids in the stiff ECM
had higher levels of Piezo1 protein expression providing evidence that
cancer cells in three-dimensional colonies can sense static mechanical
stimuli by means of Piezo1 activity. Interestingly, the Piezo1 mRNA
was not found to be differentially expressed between spheroids in the
soft and stiff ECM. This non-significant Piezo1 mRNA change induced
by matrix stiffness in our study contrasts with other studies, showing
ECM stiffness-dependent regulation of Piezo1 mRNA levels.24,59

However, it is worthwhile to note that these studies have been limited to
cells in 2D environments or single cells in 3D, wherein cells are sub-
jected to similar spatial dynamics. Conversely, cells in 3D spheroids are
subjected to varying cell-cell and cell-ECM interactions depending on
the spatial presence of the cells within a given spheroid. This comes
with a potential possible loss of certain cell-specific genes when employ-
ing bulk RNA-sequencing. Furthermore, genome-wide correlation stud-
ies between expression levels of mRNA and protein are quite poor,
hovering around 40% explanatory power with the discrepancy typically
attributed to other levels of regulation between a transcript and a pro-
tein product.60 In line with this, it has also been established that tran-
script levels are insufficient to predict protein levels in many biological
scenarios, especially when cells are adjusting to changes in environmen-
tal conditions.61 Additionally, it has been shown that some cancer cells
can alter phenotype without significant changes to the transcriptome.62

Whether the lag between the Piezo1 protein and mRNA levels in our
study is driven by spatial or timescale factors or post-translational
mechanisms remains to be investigated.
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We have previously reviewed the role of dysregulation of the bio-
electric state of cancer cells affecting all three processes of carcinogene-
sis, including initiation, promotion, and progression.63 The
upregulation of multiple genes involved with ion channel transport
especially those with primary voltage sensing modalities, such as
SCN2B and SCN4B, in our stiff matrix spheroids, provides preliminary
evidence of the presence of mechano-electric crosstalk wherein biome-
chanical cues from the ECM influence the membrane potential
(Vmem) of cancer cells. Such a relationship between Vmem and the
mechanical properties of the microenvironment was first reported by
Silver et al. wherein substrate stiffness was found to tune Vmem in
mammary epithelial cells.64 Indeed, Vmem has been known to function
at the interface of chemical and mechanical signals by creating an elec-
trical gradient across cells, which, in turn, gates voltage-sensitive chan-
nels to create a tightly communicated pathway between a cell and its
microenvironment.63,65

In line with the biological relevance of stiff tissues being increas-
ingly tumorigenic, several genes associated with progression and EMT
were also upregulated in stiff matrix spheroids in our study. Both
CD44 protein and mRNA levels were found to be upregulated in sphe-
roids in stiff ECM. In tumor tissues, CD44 levels have been correlated
with tumorigenesis in cancers including head and neck squamous cell
carcinoma patients.66 Stress-inducible Hsps, which are known to play
a role in regulating cancer cell malignancy under mechanically stressed
conditions, were another set of genes upregulated in our stiff matrix
spheroids. Evidently so, in the same study mentioned previously,
Wong et al. also found that the increased stressed condition in stiff
hydrogel groups activated Hsps to mediate the survival of cancer cells,
thereby upregulating the expression of stemness-related markers in
colorectal cancer spheroids via TRPV4.48 Finally, spheroids from the
stiff matrix were also observed to have an upregulation of a set of genes
involved in ECM remodeling. While this agrees with previous reports
on matrix stiffness-induced cellular responses leading to increasingly
stiffer matrices, it needs to be further probed, ideally with the incorpo-
ration of key cell types involved in ECM reorganization. Overall, our
results demonstrate that varying matrix mechanical stiffness in a
spheroid culture platform enhances spheroid growth and malignant
phenotypes by employing Piezo1 and TRPV4 mechanoreceptors, sug-
gesting that physical and biochemical cues exhibit dynamic interplay
in OSCC. While our model is simplistic owing to the use of a single
cell line, it provides evidence of the utility of mechanosensitive ion
channels in sensing changes in ECM stiffness in 3D cancer spheroids.
It is also important to note that while the utility of 3D culture techni-
ques, including the one presented in this study, has enabled better
mimicking of tumors in vivo, they do not replicate certain aspects such
as the structural and mechanical heterogeneity found in real tumors.
To this end, such platforms are a step closer to recapitulating in vivo
tumors compared to two-dimensional platforms but need to be further
developed to replicate such facets of real tumors.

CONCLUSIONS

Over the years, mechanobiology in cancer and how cells sense
and respond to biophysical cues from the surrounding environment
have been extensively probed. The role and utility of mechanical cues
including ECM stiffness in cancer diagnosis, prognosis, and therapy
has led to the relatively recent coining of terms such as “mechanopa-
thology” and “mechanomedicine.” We revealed that Piezo1 and
TRPV4 receptors are involved in sensing changes in matrix stiffness in

OSCC spheroids under 3D static mechanical stimulation.
Mechanosensing of stiffness cues by these receptors regulates spheroid
growth and the expression of markers involved in ion channel trans-
port, ECM organization, and malignant phenotypes. Owing to the util-
ity of a 3D culture system over traditional 2D systems in the study, this
furthers our understanding of how OSCC progression is influenced by
the stiffening of tumor tissues. Future work will involve the incorpora-
tion of other cell types crucial to the composition of the tumor micro-
environment, such as immune cells, endothelial cells, and, especially,
stromal cells that play a vital role in ECM organization and remodeling
into our spheroid model and investigation of the effects of matrix stiff-
ness mechanics therein. Our results also provide promise for future
animal model studies to investigate the influence of the knockdown of
specific mechanoreception genes on tumor growth in vivo. In the long
term, this has untapped potential for adaption in systematic studies to
develop therapies capable of intervening ECM stiffness-induced onco-
genic signaling, cancer progression, and drug resistance.

METHODS
Fabrication of hydrogels

Matrigel matrix growth factor reduced (Corning, Corning, NY)
and Matrigel matrix high concentration growth factor reduced
(Corning, Corning, NY) were thawed overnight on ice prior to use.
Matrigel matrix products were diluted to 3 and 12mg/ml concentra-
tions, defined as soft and stiff, respectively, using lot-specific protein
concentrations in ice-cold PBS as per the manufacturer’s instructions.

3D cell culture

Oral squamous cell carcinoma Cal27 cells (ATCC, Manassas,
VA) were a kind gift from the Takiar-Wise Draper lab. Spheroids were
generated in DMEMmedia (Corning, San Diego, CA) containing 10%
fetal bovine serum (Fisher Scientific, Waltham, MA) that was superde-
pleted of extracellular vesicles via 18-hour ultracentrifugation at
100 000�g,67 1% penicillin-streptomycin (Fisher Scientific, Waltham,
MA), 1% L-glutamine (Fisher Scientific, Waltham, MA), 1% sodium
pyruvate (Fisher Scientific, Waltham, MA), and 1% non-essential
amino acids (Fisher Scientific, Waltham, MA) using the media overlay
technique.68 Briefly, 24-well plates were coated with a thin layer of 3 or
12mg/ml Matrigel and incubated for 30min to allow the gel to solid-
ify. Collected cells were counted upon trypsinization and suspended in
media containing 1% Matrigel. This method enables cells to penetrate
the underlying Matrigel coating and form spheroid aggregates. 10000
cells in 500ll suspension were plated on top of well coatings.
Spheroids were cultured at 37 �C and 5% CO2 with regular media
changes.

Shear rheology

Relative stiffness measurements of hydrogels were performed by
shear rheology as described previously.69 Briefly, hydrogels (n¼ 3 per
condition) were pipetted into 20mm circular molds and solidified at
37 �C and 5% CO2 for 30min. Rheological characterization was per-
formed using a Rheometer HR-20 (TA instruments, New Castle, DE)
using a 20mm parallel plate geometry. Solidified hydrogels were
removed from the mold and carefully loaded onto the stepped lower
geometry. The 20mm upper geometry was lowered to just contact the
top surface of the gel. Measurements were performed by applying
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logarithmic strain sweeps from 0.1% to 100% strain at an angular fre-
quency of 0.5 rad/s with five points collected per decade. Analysis was
performed by extracting the storage modulus (G0) at 1% strain. The
elastic modulus (E) was then determined from G0 using the following
equation:

E ¼ 2G0 1þ tð Þ; (1)

where t is the Poisson’s ratio of 0.5 for hydrogels, E is the Elastic mod-
ulus, and G0 is the storage modulus.

Atomic force microscopy

Relative stiffness of hydrogels (n¼ 3 per condition) was also mea-
sured using a NanoWizard IV Atomic Force Microscope (AFM) (JPK
Instruments, Berlin, Germany). Hydrogels were pipetted into 20mm
circular molds and solidified at 37 �C and 5% CO2 for 30min. The
AFM head consisting of a CSC37 silicon nitride cantilever (k¼ 0.3–0.8
N/m, f¼ 20–40 kHz) (MikroMasch) was mounted on a M205 FA
fluorescence stereo microscope (Leica, Werzlar, Germany) coupled
with a JPK CellHesion module Z-axis piezo stage (JPK Instruments,
Berlin, Germany), which allows indentation measurements up to a
depth of �100lm. Solidified gels were removed from the mold, and
the sample slide was then placed onto the AFM stage to take AFM
micrograph images in non-contact and Qi mode. Force–distance
curves in a 10� 10lm square were measured for each sample under
ambient conditions. Young’s moduli of the hydrogels were determined
by fitting the obtained force–distance curves with the modified Hertz
model,70 and resultant stiffness values were analyzed (n¼ 100 per
sample).

Brightfield imaging

Brightfield imaging of spheroids was performed using a Nikon
Eclipse TE2000-S microscope (Nikon, Melville, NY) equipped with an
Andor NeoZyla 5.5 camera. Analysis was performed using ImageJ.

Confocal imaging

Day 14 spheroids were stained for immunofluorescence and
imaged using confocal microscopy as described previously.71 Briefly,
spheroids were sequentially fixed in 3.7% formaldehyde, permeabilized
in 0.5% TBSTX, and blocked using antibody dilution buffer (2% BSA
in 0.1% TBSTX). All wash steps were performed in 0.1% TBSTX.
Primary immunostaining was performed with 0.8lg/ml APC anti-
CD44 (Biolegend, San Diego, CA) and 2lg/mL purified anti-Piezo1
(Biolegend, San Diego, CA) at 4 �C overnight. For secondary Piezo1
immunostaining, spheroids were stained with 2lg/ml anti-rat AF594
secondary antibody (Biolegend, San Diego, CA) at room temperature
for 3 h. The final pellet was washed, resuspended in PBS, and pipetted
onto a glass slide. Once the spheroids had settled, Prolong Gold with
DAPI (Invitrogen, Waltham, MA) was pipetted, and the suspension
was covered using a coverslip. The edges of the slip were sealed with
clear nail polish, and samples were stored at 4 �C until imaging.
Confocal imaging was performed using a Nikon A1R inverted micro-
scope (Nikon, Melville, NY) with multichannel z-stacks performed at
512-pixel resolution across the height of the spheroid. Representative
maximum intensity projections and 3D alpha-blended projections
were created using NIS Elements software.

Flow cytometry

Spheroids were harvested upon 14 days of culture using the cell
recovery solution (Corning, Corning, NY). Harvested gels were held at
4 �C for 1 h and vortexed for complete disintegration of the Matrigel
matrix as per the manufacturer’s protocol. This non-enzymatic cell
recovery solution-based method allows recovery from the Matrigel
matrix without breaking up spheroids or impacting cellular viability.72

The resulting suspension was centrifuged at 500xG and resuspended
in TrypLE (Fisher Scientific, Waltham, MA) to lyse spheroids into sin-
gle cells while maintaining cellular integrity.73 For surface staining,
cells were washed with staining buffer (5% FBS in PBS) and stained
with 10lg/ml APC anti-CD44 (Biolegend, San Diego, CA) surface
marker or APC Mouse IgG1 Isotype control (Biolegend, San Diego,
CA) for 20min at 4 �C. Cells were then permeabilized and fixed using
the Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences,
Franklin Lakes, NJ), as per the manufacturer’s instructions. For intra-
cellular staining, unstained cells were permeabilized and fixed prior to
staining with 25lg/ml purified anti-Piezo1 (Biolegend, San Diego,
CA) or AF594 Rat IgG2b Isotype control (Biolegend, San Diego, CA)
for 20min at 4 �C. Anti-piezo1 marked cells were washed twice and
stained with 0.83lg/ml anti-rat AF594 secondary (Biolegend, San
Diego, CA) for 20min at 4 �C. As a final step, all samples were washed
and resuspended in staining buffer for flow cytometric analysis.
Stained cells were analyzed with an Aurora flow cytometer (Cytek,
Fremont, CA). Flow cytometry data were acquired for 30 000 events
per sample and quantified as frequency using FlowJo software (FlowJo
LLC, Ashland, OR) for three biological replicate experiments.

Histological staining and imaging

Day 14 spheroids were sectioned and stained for immunofluores-
cence imaging. Spheroids were sequentially fixed in 3.7% formalde-
hyde, permeabilized in 0.5% TBSTX, and pretreated with 30% sucrose.
Embedded spheroids frozen in the OCT compound were sectioned at
a thickness of 10lm. Slides were pretreated using the Discovery XT
automated platform (Ventana/Roche Tissue Diagnostics, Indianapolis,
IN). Sections were stained with 10lg/ml purified anti-Piezo1
(Biolegend, San Diego, CA) and 10lg/ml anti-CD44 (Abcam,
Cambridge, UK) at 4 �C overnight. Slides were rinsed with H2O and
the reaction buffer followed by secondary staining at a dilution of
1:100 for 1 h at room temperature. Stained slides were rinsed in H2O,
dried, and mounted with Vectashield Hard Mount with DAPI (H-
1500). Confocal imaging was performed using a Nikon A1R inverted
microscope (Nikon, Melville, NY) and processed using ImageJ.

RNA isolation and sequencing

Spheroids were harvested upon 14 days of culture using the cell
recovery solution (Corning, Corning, NY). Harvested gels were held
on ice and repeatedly vortex for complete disintegration of the
Matrigel matrix. The resulting spheroid suspension was centrifuged
and resuspended in RNAlater stabilization solution (Thermo Fisher,
Waltham, MA). Total RNA was isolated using the mirVana miRNA
Isolation kit (Thermo Fisher, Waltham, MA) from spheroid samples.
Directional polyA RNA-seq was performed by the Genomics,
Epigenomics, and Sequencing Core at the University of Cincinnati
using established protocols as previously described74,75 with updates.
To summarize, the quality of total RNA was QC analyzed by
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Bioanalyzer (Agilent, Santa Clara, CA). To enrich polyA RNA for
library preparation, NEBNext Poly(A) mRNA Magnetic Isolation
Module (New England BioLabs, Ipswich, MA) was used with 500 ng
good quality total RNA as input. Next, the NEBNext Ultra II
Directional RNA Library Prep kit (New England BioLabs, Ipswich,
MA) was used for library preparation under PCR cycle number 10.
After library QC and Qubit quantification (ThermoFisher, Waltham,
MA), the normalized libraries were sequenced using NextSeq 2000
Sequencer (Illumina, San Diego, CA) under the setting of PE 2� 61
bp to generate an average of 59.7M reads.

Bioinformatics analysis

RNA-seq reads in FASTQ format were first subjected to quality
control to assess the need for trimming of adapter sequences or bad
quality segments. The programs used in these steps were FastQC
v0.11.7,76 Trim Galore! v0.4.2,77 and cutadapt v1.9.1.78 The trimmed
reads were aligned to the reference human genome version hg38 with
the program STAR v2.6.1e.79 Aligned reads were stripped of duplicate
reads with the program sambamba v0.6.8.80 Gene-level expression was
assessed by counting features for each gene, as defined in the NCBI’s
RefSeq database.81 Read counting was done with the program
featureCounts v1.6.2 from the Rsubread package.82 Raw counts were
normalized as transcripts per million (TPM). Differential gene expres-
sions between groups of samples were assessed with the R package
DESeq2 v1.26.0.83 Gene list and log2 fold change are used for GSEA
analysis using GO pathway datasets. Plots were generated using the
ggplot284 package and base graphics in R.

Statistical analysis

Data analysis was performed using GraphPad Prism 9
(GraphPad Software, La Jolla, CA). Quantitative data are expressed as
mean 6 SEM. All analyses involving two groups were evaluated using
Student’s t-test. RNA sequencing analysis plots including heatmaps
were created using PlotsREasy (Bioinformatics Collaborative Services,
CCHMC, Cincinnati, OH).

SUPPLEMENTARY MATERIAL

See the supplementary material for representative brightfield
images of spheroids, RNA quality control data, and heatmap of all dif-
ferentially expressed genes from RNA sequencing.
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