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ABSTRACT

Cell migration is the major driver of invasion and metastasis during cancer progression. For cells to migrate, they utilize the actin–myosin
cytoskeleton and adhesion molecules, such as integrins and CD44, to generate traction forces in their environment. CD44 primarily binds to
hyaluronic acid (HA) and integrins primarily bind to extracellular matrix (ECM) proteins such as collagen. However, the role of CD44 under
integrin-mediated conditions and vice versa is not well known. Here, we performed traction force microscopy (TFM) on U251 cells seeded
on collagen I-coated polyacrylamide gels to assess the functional mechanical relationship between integrins and CD44. Performing TFM on
integrin-mediated adhesion conditions, i.e., collagen, we found that CD44KO U251 cells exerted more traction force than wild-type (WT)
U251 cells. Furthermore, untreated WT and CD44-blocked WT exhibited comparable results. Conversely, in CD44-mediated adhesive condi-
tions, integrin-blocked WT cells exerted a higher traction force than untreated WT cells. Our data suggest that CD44 and integrins have a
mutually antagonistic relationship where one receptor represses the other’s ability to generate traction force on its cognate substrate.

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/10.1063/5.0203028

INTRODUCTION

Aggressive cell migration leads to tissue invasion and metastasis,
one of the fundamental hallmarks of cancer, and is partly responsible
for the severity of the disease.1 In glioblastoma, tumor invasion
increases brain inflammation, which further promotes GBM progres-
sion.2 One of the main drivers of metastasis is cell migration, and
understanding how cancer cells adhere to and migrate has been a major
goal of cancer research. Cell migration is also vital to normal immune
responses and developmental processes. During migration, transmem-
brane receptors, such as integrins and CD44, function as “clutches” to
mechanically link the extracellular matrix (ECM) to the actin cytoskele-
ton, providing the cell with adhesion.3,4 Proteins such as talin and vin-
culin function as adaptors, mechanically linking the integrins to the
actin cytoskeleton on integrin-mediated surfaces. At the same time,
non-muscle myosin II works with F-actin to function as a “motor” by
generating the force for the clutches to “pull” the cell body forward
while the trailing edge of the cell detaches as the cell is pulled forward.3–5

While adhered, cells generate inwardly directed traction forces by
pulling on their adhesive attachments to the local ECM.

According to previous models, the number of motors and
clutches are major determinants of whether a cell can migrate effi-
ciently in its environment via a motor-clutch mechanism.4 When
motors are much higher than clutches, then cells exhibit low adhesion
phenotype with cells that are morphologically circular and small in
projected area. This phenotype is referred to as the cells being in a
free-flowing state, where the excessive number of motors overpower
and prevent the smaller number of clutches to maintain “grip” on the
substrate.4 Although this low adhesion results in a low traction force, it
does not necessarily result in diminished migration. In fact, previous
studies have shown certain types of cancer cells in confined, low adhe-
sion conditions can exert fast amoeboid-like migration.6 On the other
extreme, when the number of clutches is much higher than the num-
ber of motors, the cells express a well adhered and well spread pheno-
type. These cells are referred to as being in a stalled state.4 The cell is
well spread due to the strong adhesion, but since the motor number is
low, it is difficult for the cell to generate sufficient force to detach pro-
trusions on the trailing side of the cell, and thereby pull the cell, which
results in inefficient migration but moderate to strong traction force.3
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Although traction force does not have a direct correlation with migra-
tion, they are mechanistically related to one another. Therapeutically,
we seek to reduce cancer cell migration without significantly impairing
antitumoral immune cell migration, and thereby increase patient
survival.

Integrins are one of the two major clutches involved in glioblas-
toma migration. They are heterodimeric transmembrane receptors
that play key roles in several other cell processes such as mediating cell
adhesion and signaling.7 Activation is required for integrins to bind to
their ECM ligand.8 Once integrins bind to the ECM, they form focal
adhesion complexes consisting of several proteins, such as vinculin,
a-actinin, and other components.9 Focal adhesion formation begins as
the head domain of talin binds to the cytoplasmic tail of b-integrin.10,11

There are over 50 different cytoskeletal proteins that bind to the focal
adhesion complexes, and they cluster over ECM bound integrins to
connect the clutches to the cytoskeleton.12 In these clusters, there is a
combination of specialized proteins, such as adaptors, signaling, regu-
latory, and mechanosensing proteins, that work together to enable cells
to detect the mechanical properties of their environment.13 Integrins
function in cell signaling by communicating intracellularly via FAK
activated pathways.14 Outside the cell, integrins can bind to distinct
ECM proteins based on their ab-heterodimeric subunits.15 Once the
extracellular domain (ECD) of the integrin binds to its cognate ECM
ligand, the intracellular domain (ICD) attaches to cytoskeletal proteins,
such as talin and vinculin,16,17 which serve as adaptors for connecting
integrins to F-actin. Through this mechanical linkage, non-muscle
myosin II pulls the F-actin to generate a retrograde pulling force on
the ECM.12

The other major clutch in glioblastoma is the transmembrane
receptor CD44, which is overexpressed in multiple cancers.18–20 One
of its main functions is to bind via its ECD to hyaluronic acid (HA),
although previous studies have reported interactions with collagen,
laminin, and several growth factors.21,22 Via its ICD, CD44 engages in
signaling pathways, including Ras and PI3K, which downstream leads
to increased proliferation, adhesion, and migration in glioblastoma.23

Like integrins, once CD44 binds to its ligand, ICD-CD44 binds to
adaptor proteins belonging to the ERM family of proteins, consisting
of ezrin, radixin, and moesin.24 These adaptors connect the CD44 to
F-actin, which is functionally akin to how talin and vinculin act as
adaptors to connect integrins to F-actin, where it can generate forces
to enable cell movement.24

The motor-clutch model predicts that traction force increases as
the number of clutches increases, then once the cell enters a stalled
state, the traction force plateaus.3 However, having an increase in
clutches does not directly lead to increased migration. In fact, cells
must have a balanced system of motors and clutches for optimal cell
migration.25–27 The environment also plays a vital role on cell adhesion
and migration since cells can use mechanosensing to adapt to their
environment.28 The number of motors and clutches could also be
adjusted to match the environment.27 In a previous study, optimal
migration of U251 cells peaked at a lower stiffness when treated with
blebbistatin and cycloRGD, drugs which decrease the number of
motors and clutches, respectively.27 A change in the environment
could lead to a change in motor and clutch number. Some factors,
such as the stiffness of the substrate, concentration of ECM, and type
of ECM, also contribute to migration efficiency. For U87 cells, and sev-
eral other glioblastoma cell lines, cell migration peaks at an

intermediate Young’s modulus.29 The motor-clutch model also pre-
dicts that there is an optimal environmental stiffness at which cell
migration is maximal, which was observed for several cell types,
including U251 glioblastoma cells.27,30 Finally, the ECM type plays a
role in determining the effective number of clutches because of adhe-
sion receptors distinct ligand compatibilities. For example, collagen
interacts with several integrin subtypes, meanwhile hyaluronic acid
exclusively binds to CD44.31,32 These two clutches work together pre-
sumably simultaneously in an in vivo environment during cell adhe-
sion and migration. A previous study suggested that integrins and
CD44 use signaling pathways to coordinate traction via crosstalk.33 In
another study, CD44 stimulation increased integrin-mediated cell
adhesion via cell signaling.34

TFM works by tracking fluorescent beads embedded in an elastic
gel, these beads are used as displacement markers. Polyacrylamide gels
(PAGs) are coated with collagen I for integrin-mediated ECM or a
monoclonal antibody for CD44.35 As the cell adheres to the PAG and
exerts cell traction, it establishes adhesions, which deform the gel and
allow us to calculate traction strain energy or force.36

In this study, we use computational modeling, single cell migra-
tion assays, and traction force microscopy (TFM) to observe cell trac-
tion, as well as cell migration and morphology, to assess the functional
mechanical relationship between integrins and CD44 on their medi-
ated substrate. We assess the extent to which CD44 and integrins are
independent, or whether they can communicate and work synergisti-
cally or antagonistically to mediate cell traction.

RESULTS
CD44 inhibition enhances traction force on collagen-
mediated conditions

To assess the influence of CD44 on integrin-mediated adhesion
to collagen, we plated U251 wild-type (WT) and CD44 knockout
(CD44KO) on collagen I-coated polyacrylamide hydrogels across a
range of substrate stiffnesses (4.6 kPa, 9.3, and 20kPa Young’s modu-
lus). Since CD44 has a limited ability to adhere to collagen, we
expected to see no difference in traction force between U251WT (WT)
and CD44KO (KO) cells. Contrary to expectation, we found that
although WT and CD44KO cells appear morphologically similar and
spread to similar extents, CD44KO cells exert sevenfold more traction
force, quantified as traction stain energy, on 4.6 and 9.3 kPa [Fig. 1(a);
p¼ 0.0001 and p< 0.0001, respectively] and twofold more traction
force on 20kPa [Fig. 1(a): p< 0.0001]. Compared to WT cells,
CD44KO cells exert greater traction strain energy on collagen across
the range of stiffness from 4.6 to 20 kPa [Fig. 1(b)]. On 4.6 and 9.3 kPa,
traction strain energy is similar, but when stiffness increased to 20 kPa,
we observed traction strain energy decreases in both cell types, consis-
tent with previous results that showed an optimal stiffness for U251
traction strain energy on collagen-coated PAGs at 4.6–9.3 kPa.27

To further test whether reduction in CD44 activity causes traction
force to increase on collagen-coated surfaces, we used a monoclonal
anti-CD44 antibody known to block CD44 adhesion (IM7).33 When
blocking CD44 expressed by WT cells, we again observed an increase
(p¼ 0.03) in cell traction force in CD44-blocked cells compared to
control untreated cells [Fig. 1(c)]. As a positive control, anti-integrin
antibodies were used to block integrins from binding to the surface
and confirm that decreasing integrins on collagen-coated substrates
reduces traction force. Two integrin monoclonal antibodies were used
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FIG. 1. CD44KO cells exert more traction force than WT cells on collagen-coated surfaces. (a) Traction stress magnitude map comparison of WT and CD44KO on 4.6 kPa
collagen-coated gel. In both cases, a phase contrast image of the cell is on the left and traction stress map is on the right. (b) Traction strain energy of WT and CD44KO as a
function of substrate stiffness. For 4.6 kPa: n¼ 53 on WT, n¼ 59 on CD44KO; for 9.3 kPa: n¼ 59 on WT, n¼ 60 on CD44KO; and for 20 kPa: n¼ 59 on WT, n¼ 46 on
CD44KO. (c) Traction strain energy of WT untreated, CD44 blocked, and integrin blocked on 4.6 kPa collagen. For untreated, CD44 blocked, integrin blocked on collagen,
n¼ 96, 97, and 33, respectively. (d) Cell area of WT untreated, CD44 blocked, and integrin blocked on 4.6 kPa collagen. The red line shows the median. P calculated by the
Mann–Whitney test. � denotes P< 0.05, �� denotes P< 0.01, ��� denotes P< 0.001, and ���� denotes P< 0.0001.
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simultaneously to block integrins from collagen; one antibody targeted
the aV subunit (SC56-07), and the second antibody targeted the a3
subunit (P1B5). These two integrins were targeted for blocking because
they had the highest mRNA expression of all the aintegrin subunits in
U251 cells in our previous study.27 The cell area in CD44-blocked WT
cells had an approximate 12% increase in cell area compared to
untreated WT [Fig. 1(d), p¼ 0.0085]. We conclude that CD44 acts

antagonistically to suppress integrin-mediated traction forces on
collagen-coated surfaces.

Blocking integrins results in a higher traction force via
CD44-mediated adhesion

We hypothesized that if CD44 is antagonizing integrin-mediated
traction, then perhaps there might be reciprocal crosstalk that causes

FIG. 2. Integrin-blocked WT cells exert more traction force than untreated WT cells on anti-CD44 antibody-coated surfaces. (a) Traction force for untreated, integrin-blocked,
and CD44-blocked U251 cells on IM7-coated PAGs, which supports CD44-mediated adhesion. (b) Cell area was relatively unaffected by integrin blocking and reduced in
CD44-blocked conditions on IM7-coated PAG. For untreated, CD44 blocked, integrin blocked on collagen, n¼ 49, 54, and 30, respectively. (c) Transmitted images (top) and
traction maps (bottom) of each condition. The red line shows median. P value was calculated by the Mann–Whitney test. �� denotes P< 0.01.
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integrins to antagonize CD44-mediated traction. Thus, we tested WT
cells under the following treatments: untreated, CD44 blocking, or
integrin blocking, but this time under CD44-mediated substrate condi-
tions. We coated PAG with a CD44-specific monoclonal antibody
(clone IM7) to generate a condition where only CD44 clutches should
mediate adhesion and traction force. The same antibody used for
ECM coating was added to the medium as a control. Under CD44-
mediated adhesion conditions, the median traction force for untreated,
integrin-blocked, and CD44-blocked WT was 0.013, 0.040, and 0.010
pJ, respectively [Fig. 2(a)]. We found that integrin-blocked cells exert
threefold greater traction strain on IM7-coated substrates than control
cells [Fig. 2(a); p¼ 0.0016]. When we measured cell area on the IM7-
coated substrate, we found that untreated and integrin-blocked cells
are not different [Fig. 2(b); p¼ 0.17]. As expected, the cell area
observed with CD44-blocked cells is smaller than untreated [Fig. 2(b);
p¼ 0.0016]. However, CD44-blocked cells on a CD44-mediated sur-
face resulted in reduced adhesion, which resulted in a bias where we
can only observe the cells within the population with the strongest
adhesions. We believe cells are using CD44 exclusively to interact with
the IM7-coated PAGs. We found that the majority of U251 cells did
not adhere to IM7-coated gels when CD44 is blocked via soluble IM7.
Since U251 WT cells have heterogeneous CD44 expression, we sur-
mised that the minority of cells that still adhered when measuring trac-
tion strain energy [Fig. 2(b)] were exhibiting a relatively higher
amount of CD44, enabling them to resist detachment in the presence
of soluble IM7. In Fig. 2(c), we show a decrease in the cell area in
CD44-blocked cells, suggesting less adhesion. The simplest explanation
is that these cells are significantly, but not entirely, inhibited by soluble
IM7, and that they still use a few remaining unblocked CD44 mole-
cules to adhere to the IM7-coated gels as it is difficult to achieve 100%
inhibition via addition of an antibody. Although a larger cell spread
area generally means more traction strain energy, since larger cells
have more adhesive clutches to bind the substrate surface, the cell area
does not necessarily correlate with traction force [Figs. 2(a) and 2(b)].
The results provide evidence for antagonism of CD44-mediated trac-
tion forces via integrins.

Migration is unaffected by CD44-KO on collagen-
coated surfaces

Since knocking out or blocking CD44 potentiated traction force
on collagen-coated surfaces, i.e., integrin-mediated adhesion substrate,
we were interested in assessing whether cell migration was affected as
well. We measured cell migration for WT and CD44KO U251 cells on
collagen-coated PAGs with stiffnesses ranging from 4.6 to 200kPa (see
Fig. S1 for confirmation of CD44 knockout). On all stiffnesses except
for 9.3 kPa, we observed no difference in migration between WT and
CD44KO [Fig. 3(a)]. At 9.3 kPa, WT and CD44KO cells had a median
random motility coefficient (RMC) of 0.76 and 0.47 lm2/min, respec-
tively (P¼ 0.027). WT migration appeared to peak at 100 kPa with a
random motility coefficient of 1.9 lm2/min, similar to what was
observed in our previous studies of U251 WT cells on collagen-coated
surfaces;27 however, there is no peak for the CD44KO cells.

In addition to cell migration, cell spread area was also quantified
to further assess potential antagonism between CD44 and integrins.
Since a larger cell area suggests a more adhesive cell, we expected to
see a larger cell area in CD44KO. However, when comparing WT and
CD44KO across stiffnesses, we found that the cell area is larger for

FIG. 3. Migration of WT and CD44KO in integrin-mediated conditions is similar
across a range of stiffnesses. (a) Migration, (b) cell area, and (c) cell aspect ratio
across stiffnesses (Young’s modulus, unit kPa) for WT and CD44KO, respectively.
Starting from 4.6 kPa and increasing stiffness, n¼ 140, 85, 130, 142, and 139 for
WT and 115, 115, 137, 125, and 127 for CD44KO. Statistical significance was ana-
lyzed between WT and CD44KO on each stiffness. The red line shows the median
along with the interquartile range. P values were calculated by the Kruskal–Wallis
test. � denotes P< 0.05 and �� denotes P< 0.01.
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CD44KO on only one stiffness [Fig. 3(b); P¼ 0.0011]. Finally, the cell
aspect ratio serves as a measure of cell polarization, with a higher cell
aspect ratio tending to correlate with cell area and migration.27

CD44KO has a higher cell aspect ratio on three stiffnesses: 4.6, 20, and
200kPa [Fig. 3(c); P¼ 0.0044, 0.05, and 0.036, respectively].

Modeling the mechanics of mutual antagonism
between CD44 and integrins

To explain these experimental observations, we used a motor-
clutch-based cell migration simulator, as previously described.27 In our
experimental data, we found an increase in traction in CD44KO cells
on collagen I-coated PAGs, but no notable change in migration, spread
area, or aspect ratio. Here, we examined three scenarios: (1) WT (con-
trol), (2) CD44KO with an increased number of clutches only
(enhanced C), and (3) CD44KO with an increased number of clutches

and motors (enhanced CþM). WT cells were simulated with 1000
motors and 750 clutches.27 The other two cases represent two possibili-
ties of what is happening in the CD44KO cells on collagen-coated surfa-
ces. In one scenario for CD44KO (C only), we simulate a “clutches only
increase” scenario by assuming 1000 motors and 3000 clutches, which
is expected to increase traction force by shifting the cell into a “stalled”
state where traction forces are high and F-actin retrograde flow is nearly
zero. For the other CD44KO scenario (CþM), the clutches and motors
increase, which was simulated by 3000 motors and 2250 clutches, i.e.,
where both motors and clutches increase threefold. In all conditions
cells were simulated on a stiffness of 100 pN/nm, comparable to a
Young’s modulus of 100 kPa for micrometer-scale adhesions.
Compared to the WT control, traction force increased significantly in
both CD44KO scenarios. The enhanced C scenario exerted a traction
force that was increased 3.4-fold relative to WT, and in the enhanced
CþM scenario, traction force was increased 2.7-fold [Fig. 4(a);

FIG. 4. Cell migration simulator suggests that both motors and clutches are increasing upon CD44KO on collagen-coated surfaces. (a) Traction force, (b) random motility coeffi-
cient, (c) cell area, and (d) cell aspect ratio were modeled using the CMS. The data were normalized to WT control to focus on changes between WT and enhanced conditions.
Results are given as mean þ/- s.e.m. (N¼ 10 cells simulated per condition). P values were calculated by the Kruskal–Wallis test � denotes P< 0.05, �� denotes P< 0.01, ���

denotes P< 0.001, and ���� denotes P< 0.0001.
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P< 0.0001 and 0.0096, respectively]. Both scenarios are consistent with
the experimentally observed increased traction force on collagen when
CD44 is KO/inhibited and on a-CD44Ab-coated (IM7) surfaces when
integrins are inhibited. However, in the clutches only scenario, the sim-
ulated cells exhibited a large drop in RMC that was not observed experi-
mentally, down 50-fold relative to WT (P¼ 0.0016). In contrast, the
enhanced motors and clutches showed no significant change, as
observed experimentally [Fig. 4(b); P¼ 0.72]. Cell spread area was simi-
lar in both CD44KO scenarios. Cell area decreased by �22% for both
CD44KO scenarios, i.e., enhanced clutches and enhanced motors and
clutches [Fig. 4(c); P¼ 0.012 and 0.012, respectively]. Finally, cell aspect
ratio decreased by �41% in both CD44KO scenarios, enhanced
clutches and enhanced motors and clutches [Fig. 4(d); P¼ 0.0006 and
0.0003, respectively]. We conclude that the increased clutch and motor
scenario provides a better description of the CD44KO compared to WT
than the clutch-only scenario because it yields markedly increased trac-
tion strain energy with only modest effects on cell migration, area, and
aspect ratio, as observed experimentally.

mRNA sequencing shows several gene expression
alterations in CD44 knockout cells linked to cell
adhesion and pathways

Next, we compared CD44 knockout and WT mRNA expression
to see if we could find evidence for motor and clutch increase, as

predicted in our model’s simulations and experimental data. We do
this by focusing on genes associated with integrin-mediated and
CD44-mediated adhesion and migration. We expected to see upregula-
tion of mRNA expression in integrin-associated genes and motor
genes in CD44 knockout cells. Over 270 genes showed a significant
fold change in expression (FC> 2, FDR< 0.05), and annotated several
genes of interest based on their P value and fold change (Fig. 5). We
found that a few annotated genes are linked to integrin or CD44
expression/activity. TSPAN1 has relevance toward cancer cell migra-
tion, since it is a cancer-associated protein involved in the signaling
pathway for survival and invasion.37 Additionally, there was a 16-fold
increase in HAS2 in CD44KO cells. Hyaluronan synthase 2 (HAS2), is
responsible for producing CD44’s extracellular matrix ligand hyalur-
onic acid, increased 16-fold upon CD44KO. TNFAIP6 is associated
with the family of proteins which bind to hyaluronic acid and plays a
role in facilitating CD44-dependent invasion in colorectal cancer.38

EDNRB promotes the function of focal adhesion kinase, paxillin,
RhoA, and the PI3K pathway.39 Furthermore, EDNRB is linked to
tenascin-C, a molecule which is known to block integrin a5-b1.39

LTBP2 interacts with integrin a3b1 solely on fibronectin, as an anti-
adhesive.40 Although we do not see direct evidence in altered expres-
sion levels for motors or clutches, we see several genes involved in pro-
cesses and pathways that involve motor and clutch levels/activities.
Gene ontology (GO) was also used to observe the 270 significant genes’
involvement in biological processes, cellular components, and

FIG. 5. CD44KO fold enrichment compared to WT shows significant differences in gene expression. The smaller graph shows the full volcano plot (left), the gray area contains
statistically insignificant data. Here, we zoom into the significant genes that show fold changes with a P< 0.05 and a fold change> 2 (right). Red and blue indicate an increase
and decrease, respectively, in gene expression in CD44KO compared to WT.
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molecular functions. GO cellular component shows an increase in over
100-fold for genes associated with multiple extracellular and collagen-
involved components (supplementary material Table 2).

DISCUSSION

Our data show that when CD44 is unavailable from either inhibi-
tion or knockout on collagen I, cell traction significantly increases. The
same is observed in CD44-mediated adhesion conditions when integ-
rins are blocked, there is an increase in traction force. Interestingly, we
did not observe major changes in migration between WT and
CD44KO across the stiffnesses used in the migration assays; however,
we see ample cell migration in both cell types. We observe that CD44-
integrin crosstalk is impactful on both CD44-mediated and integrin-
mediated surfaces in terms of generating traction force, indicating that
the two clutch components act in a mutually antagonistic relationship.
In the CMS model, the condition with increased motors and clutches
matches our experimental results well. We see a substantial increase in
cell traction, and a minimal change in migration, along with modest
changes to cell shape, all of which are consistent with experimental
observations. Our experimental data and the model both support the
idea of crosstalk between integrins and CD44, where they maintain an
antagonistic relationship between one another. Once one of the recep-
tors is blocked or knocked out, the increase in traction force suggests
there is effectively an increase in clutches and motors (Fig. 6). Our
model’s migration assays support the idea that both motors and
clutches are balanced, and both increase in CD44KO on integrin-
mediated surfaces (Fig. 6). This allows for a balanced motor-clutch sys-
tem to be maintained so that there is similar migration between WT
and CD44KO. Figure 6 highlights the several conditions observed and
shows that migration can occur efficiently at any traction if motors
and clutches are balanced.

Our results seem counterintuitive since CD44 does not adhere to
collagen. We expected U251 CD44KO to have either no phenotype or
possibly a slight decrease in traction force on integrin-mediated PAGs,

since there have been previous reports of direct interactions between
collagen and CD44.41,42

If CD44 interacted with collagen in an adhesive role, there
would have been a decrease in traction force upon knockout, which
was not observed experimentally. At first glance, the data from
Fig. 1 is unexpected based on comparisons to a previous study,
where adhesion was observed in CD44 knock down U373-MG
cells.43 In their study, adhesion strength was determined by the
cell’s ability to remain adhered to the substrate when centrifugal
force was applied to remove it, while we observed traction strain
energy, which measured the amount of force exerted to the sub-
strate by the cell. Furthermore, if motors and clutches are changing
coordinately like our prediction, adhesion strength is not as
affected. U251 cells had CD44 knocked out, while their U373-MG
cells only had CD44 knocked down. This is the first study to exam-
ine crosstalk in terms of functional effects on force transmission,
so the results between the two studies could be unrelated. In
another recent study, a novel technique called Rupture and Deliver
tension gauge tethers (RAD-TGTs) was used to measure force gen-
eration in U251 WT and CD44KO cells.44 They show a slight
decrease in RAD-TGT signal for CD44KO compared to WT, on
12pN TGTs and exhibit no change on 54 pN TGTs. RAD-TGTs
measure single molecule forces, and the force per bond would not
change much if both motors and clutches are increasing. TFM,
however, shows the entire cell’s forces. According to our hypothe-
sis, we would expect no change in the RAD-TGT experiment, but
the slight imbalance in motors and clutches could lead to less rup-
turing and lower signal. We use a collagen-coated PAG with a
Young’s modulus of 4.6 kPa for our integrin-mediated traction
force assays we, while Kim et al. used a HA hydrogel conjugated
with RGD peptide with a shear modulus of 4.6 kPa.43 Pawlak et al.
used a glass bottom coated with RAD-TGTs containing WDV
fused with echistatin in the other.44 Our data show consistency
under both integrin-mediated and CD44-mediated conditions,
along with support from our established models and mRNA
sequencing, supporting our hypothesis.

By using IM7 to reproduce a CD44-mediated environment, we
were able to specifically observe CD44’s adherence in response to
blocking integrins. However, IM7 is not representative of HA, CD44’s
natural ECM protein. HA was not technically feasible using our sulfo-
SANPAH method, but HA-coated PAGs and HA gels will be further
investigated for future work. Furthermore, in one of our assays, we
chose to inhibit aV and a3 integrins because they were the most abun-
dant a-integrins in our cell line, according to previous studies.27

According to previous studies,8 neither of these a-integrins bind to col-
lagen. Interestingly when those a-integrins were inhibited, we still saw
an effect on collagen.

CONCLUSION

We hypothesized that integrins and CD44 play a role in traction
and migration even when they are not directly involved in the adhesion
to a surface. In this study, we interrogated CD44-integrin crosstalk and
observed a strong mutually antagonistic relationship between the two
with respect to traction force but not migration. In several studies,
CD44 was suggested to be a target for therapeutic treatments in glio-
blastoma. The outcomes of the research provided a new insight into the
relationship between integrins and CD44, pushing toward multi-
targeting therapies that could take advantage of their antagonistic

FIG. 6. Combination of TFM and migration suggests that CD44-integrin crosstalk
increases both clutches and motors. The seven conditions that were tested in TFM
are plotted in position based on both the TFM and migration assays. The traction
gradient on the schematic was based on our previous modeling.4
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relationship in the context of cell migration. For example, perhaps we
can target CD44 to allow integrins to overcompensate for the CD44
loss while also targeting non-muscle myosin II to prevent the motors
from coordinating with the clutches. This approach could be used on
other cancers characterized by the overexpression of CD44, such as
some breast cancers. Future research should include investigating the
mechanism for the crosstalk and characterizing its signaling pathway.

METHODS
U251 glioma cell culture

U251 glioma cells were cultured in vented T75 flasks in a humidi-
fied incubator under conditions of 37 �C, 5% CO2. U251 media was
Dulbecco’s modified Eagle’s medium (Gibco 11-320-033) supple-
mented with 9% heat-inactivated fetal bovine serum (Gibco
A3840001) and 1% penicillin/streptomycin solution (Cellgro 30-001-
CI). To prevent over-confluency, cells were treated with 0.25% trypsin
with EDTA in Hanks’ balanced salt solution. Cells were then spun
down in a centrifuge at 220�g for 5min, decanted, and resuspended
in 5ml of fresh media and placed back in a flask. During cell seeding,
cells were plated at �10 000 cells per gel onto UV sterilized PAGs.
Then, they were incubated for at least 2 h before imaging to allow for
adequate cell adhesion. U251 CD44KO cells were obtained via
CRISPR as previously described.44 CD44KO was obtained via CRISPR
as previously described.

RNA sequencing

Cells were cultured under standard U251 glioma conditions as
mentioned above until �1� 106 cells in total. Cells were flash frozen
and sent to the University of Minnesota Genomic Center. RNA was
extracted using QIAGEN RNeasy plus universal kit. Then, purity and
concentration was assessed using UV spectroscopy (NanoDrop) and
fluorimetry (PicoGreen quantification). RNA integrity was also deter-
mined using the Agilent 2100 Bioanalyzer. They used Illumina TruSeq
mRNA kit to sequence RNA.

Preparing polyacrylamide gels

No. 0 glass bottom culture dishes (MatTek P35G-0-20-C) were
treated with 97% (3-aminoproyl) trimethoxysilane (Aldrich 281778),
and 0.5% glutaraldehyde (Polysciences 01909) to activate the glass,
causing PAGs to be able to adhere firmly to the glass bottom. Once
silanized, dishes can be stored for up to 2months in a desiccator.

Polyacrylamide gels were first mixed into a prepolymer using the
five following ingredients: 40% acrylamide solution (Fisher BP1402),
2% bis-acrylamide solution (Fisher BP1404), 1 M 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES, Sigma H6147) solution, son-
icated or vigorously mixed 200nm fluorosphere crimson beads solution
(Invitrogen F-8810), and de-ionized water. In summary, 4.6 kPa PAGs
contained 10% acrylamide solution, 10% bis-acrylamide solution, 1%
HEPES, 1% fluorosphere crimson beads, 0.6% APS, 0.4% TEMED, and
78% diH2O. For 9.3 kPa PAGs, 12.5% acrylamide solution, 5% bis-
acrylamide solution, 1% HEPES, 1% fluorosphere crimson beads, 0.6%
APS, 0.4% TEMED, and 80% diH2O were present. Finally, 20 kPa
PAGs contained 25% acrylamide solution, 5% bis-acrylamide solution,
1% HEPES, 1% fluorosphere crimson beads, 0.6% APS, 0.4% TEMED,
and 68% diH2O. For migration assays, additional diH2O was used in

the place 200nm crimson fluorospheres. We adjusted the ratio of acryl-
amide and bis-acrylamide to create gels with varying Young’s modulus.

Next, we degassed the solution for 30min using a desiccator to
aid in the polymerization process. During the polymerization step, the
solution is removed from the desiccator and 1% ammonium persulfate
(Bio-Rad 161-0700) solution and N,N,N0,N0-tetramethylethylenedi-
amine (TEMED, Fisher BP150) are added to the solution. Once added,
the polymerization will initiate, so we then quickly pipet 5ll onto a silan-
ized glass bottom dish and cover it with a glass coverslip that was cleaned
with 70% ethanol. For TFM assays, the solutions are flipped over during
polymerization so that the fluorospheres could be at the top of the gel
once polymerization is complete. Once gels formed, 50mM HEPES was
diluted in DI water to wash the gels and stored at 4 �C overnight.

The second step in gel preparation was coating the gels with the
protein of interest. In this study, we use collagen I (CB40236) or a
CD44Ab IM7 (BDB553131) as adhesive coatings, for integrin-
mediated or CD44-mediated conditions, respectively. The next day,
PAGs were treated with 0.5mg/ml sulfosuccinimidyl 6–(40-azido-20-
nitrophenylamino) hexanoate (sulfo-SANPAH, Thermo 22589) to
functionalize the surface and allow the protein of interest to undergo
covalent bonding to the PAG surface. After treatment, the adhesive
protein of interest is added to PAG and left at 4 �C overnight. In the
morning of cell seeding, the PAG is washed off with PBS and sterilized
using UV light for�15min. Finally, fresh media and cells are added to
the newly functionalized PAG and placed in the incubator. For colla-
gen type I coating, a 0.2mg/ml solution, diluted with PBS (pH 7.4) was
used to serve as an integrin-mediated ECM. For CD44ab coating, a
0.02mg/ml solution of IM7 was diluted with PBS as described above.

Traction force microscopy

PAGs were made on a Young’s modulus of 4.6 kPa, with crimson
fluorospheres added to the PAG solution. After seeding, cells were
incubated for at least 3 h before imaging. Cells were imaged using a
Nikon Eclipse Ti2 inverted microscope and CoolSnap HQ2 CCD cam-
era (Photometrics). A Bold Line top humidified stage incubator
(Okolab) was used at 37C� and 5% CO2. For traction force micros-
copy, a Plan Apo 40�/0.95NA objective with a 1.5� magnification
lens was used to image individual cells. Briefly, phase-contrast images
of cells, along with mCherry filter fluorescence images of the crimson
fluorospheres before and after cell adhesion is disrupted by 15-min
trypsinization treatment. Once images were acquired, a custom
MATLAB code was used for the traction force analysis as previously
described.27 Briefly, images are aligned, cropped, and bead displace-
ment is measured via cross correlation analysis to calculate traction
strain energy using Fourier transform traction cytometry.

Migration assays

PAGs were made on a wide range of stiffnesses, from 0.7, 4.6, 20,
100, to 200 kPa. Like above, after seeding, the cells were incubated for
at least 3 h. For migration assays, a Plan Fluor 10�/0.30NA objective
with phase contrast was used to create time-lapse movies. Images were
taken on five fields per dish at 15-min intervals for 16h. To quantify
the migration of this random walk, we use the mean squared displace-
ment to measure the displacement of a cell over time. We then calcu-
late the random motility coefficient from the slope of the trendline for
MSD over time.
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Simulations

The cell migration simulator, which is based on the motor-clutch
model for cell motility, was used as previously described.27 Parameters
chosen for the three cases, WT, WT þ enhanced clutches, and WT þ
enhanced motors and clutches, can be found in the Supplementary
information.

Statistical analysis

Analysis of all experimental traction force microscopy assays
tested statistical differences by using the Mann–Whitney test. Red lines
indicate the median. Migration assays were tested using the Kruskal–
Wallis test. The middle red line indicates the median, and the top and
bottom lines represent the 25th and 75th percentiles, respectively.
Computational data are analyzed using the mean and s.e.m.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on two supplementary
tables and one supplementary figure.
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