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Information in the microenvironment guides complex cellular decisions such as whether or not to
proliferate and migrate. The effects of soluble extracellular signals on these cellular functions are
fairly well understood, but relatively little is known about how the extracellular matrix (ECM), and
particularly the mechanical information in the ECM, guides these cellular decisions. Here, we show
that CD44, a major receptor for the glycosaminoglycan ECM component hyaluronan, coordinates
the motility and proliferative responses to ECM stiffening. We analyzed these cellular responses on
fibronectin-coated polyacrylamide hydrogels prepared at a physiologic range of ECM stiffness and
found that stiffening of the ECM leads to both cell cycling and cell motility in serum-stimulated primary
mouse dermal fibroblasts. Remarkably, deletion of CD44 impaired stiffness-stimulated motility of the
primary cells without affecting other hallmark cellular responses to ECM stiffening including cell spread
area, stress fiber formation, focal adhesion maturation, and intracellular stiffening. Even stiffness-
mediated cell proliferation was unaffected by deletion of CD44. Our results reveal a novel effect of CD44,
which isimposed downstream of ECM-mechanosensing and determines if cells couple or uncouple their
proliferative and motility responses to ECM stiffness.

Stiffening of the extracellular matrix (ECM) microenvironment is a common feature of many diseased states
including breast and pancreatic cancer, cardiovascular diseases, and lung and liver fibrosis'~’. Cellular responses
to this stiffening have been well studied and generally include concurrent increases in proliferation and motil-
ity>8-15, which then contribute to further disease progression>®!>16. However, cell proliferation and motility may
also need to be separated in vivo. For example, cells may need to migrate to a particular location and then pro-
liferate at that site during development and the response to injury. This notion raises the possibility that the
commonly observed concurrent proliferative and motility responses of cells to increased ECM stiffness can be
uncoupled.

Stiffness-mediated changes in proliferation and motility can be investigated in vitro using hydrogels coated
with ECM proteins such as fibronectin (FN). These hydrogels typically have tunable mechanical properties that
can mimic the physiological and pathological elasticity of tissues'’~?°. FN is often used in these platforms as it
strongly activates integrin signaling, and its expression pattern in vivo is associated with cell proliferation, motil-
ity and the response to injury'>?"2. Use of these platforms has shown that changes in ECM stiffness regulate cell
spreading, organization of the actin cytoskeleton'”*>?, the activity of Rho family GTPases®'>** and focal adhe-
sion formation®?>?° even under constant biochemical conditions.

The information encoded by ECM stiffness is transduced through transmembrane adhesion receptors that
bind to ECM proteins such as FN, vitronectin, and collagens. Integrins are the major class of adhesion receptors
that connect ECM proteins to the actin cytoskeleton?”?%. The ECM also includes non-proteinaceous components,
particularly the abundant glycosaminoglycan hyaluronan (HA)*-3!. CD44 is one of HA's best-studied adhesion
receptors®~!. Like integrins, CD44 is widely expressed on the surface of vertebrate cells and involved in cell-ECM
interactions, adhesion, motility, and proliferation®. Both integrins and CD44 lack intrinsic enzymatic activity
but associate with a number of signaling enzymes and adapters as well as structural proteins that link to the actin
cytoskeleton?’-2932-35,
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Despite the widespread distribution of CD44, only a few studies have reported on the role of CD44 in
mechanobiology®**. Chopra et al.*® showed that cell spreading and stress fiber formation in response to FN is
enhanced if myocytes are cultured on a low-stiffness matrix of thiol-modified HA. Kim and Kumar studied glio-
blastoma cells on methyacrylated HA hydrogels. They found that CD44 affected stiffness-dependent cell adhesion
in the absence and presence of an integrin ligand, but spreading or motility were unaffected when integrin sign-
aling was present”’. Here, we investigate the role of CD44 in cellular sensing of ECM stiffness. Using FN-coated
polyacrylamide hydrogels of varying elasticity, we found that deletion of CD44 inhibited stiffness-dependent
motility without comparable effect on cell spread area, focal adhesion abundance and stress fiber formation, or
cell proliferation. Our data indicate that CD44 is selectively required for the motility response downstream of
ECM stiffness sensing and provide new insight into how cells may couple and uncouple their proliferative and
motility responses to ECM stiffening.

Results

CD44 is essential for the motility response to ECM stiffness. ECM-coated polyacrylamide hydrogels
have been used extensively to study how cells sense and respond to the physical characteristics of their microenvi-
ronments because their tunable mechanical properties can mimic the physiological and pathological elasticity of
tissues®®*. To investigate role of CD44 in stiffness-dependent motility, we generated FN-coated polyacrylamide
hydrogels of elastic moduli ranging from 2-4 kPa (hereafter called “soft”) to 18-20 kPa (hereafter called “stiff”).
These elastic moduli span the stiffness range that regulates cell cycling and motility in fibroblasts (Supplementary
Figure S1).

Primary dermal fibroblasts isolated from wild-type (WT) and CD44-knockout (CD44KO) mice
(Supplementary Figure S2) were plated on the hydrogels, and nuclear tracking in real time was used to examine
motility as measured by net displacement, directionality, total distance moved and mean cell speed. Net dis-
placement and directionality increased with increasing stiffness in WT cells; CD44KO cells showed pronounced
decreases in net displacement and directionality (Fig. 1A,B), which persisted and increased in significance over
the 5h time period examined (Supplementary Figure S3A,B). These data indicate that CD44 is essential for the
normal motility response to ECM stiffness.

The total distance moved and mean cell speed were not statistically different in the primary WT and CD44KO
cells on stiff hydrogels though there was a trend towards a lower sensitivity to ECM stiffening in the KO cells
(Supplementary Figure 3C,D). On soft hydrogels, both WT and CD44KO cells largely remained in place (Fig. 1A),
but real-time imaging showed that they oscillated and therefore have a deceptively high total distance moved and
mean cell speed (Supplementary Figure S3C,D). For this reason, we use net displacement as the primary metric
to assess stiffness-mediated migratory behavior. Experiments including hydrogels of intermediate stiffness (8-10
kPa) indicate that the motility defect in CD44KO cells is most evident as the ECM was stiffened from 10 kPa to
20 kPa (Supplementary Figure S4).

CD44 is dispensable for the morphologic response to ECM stiffness. Cell spreading and f-actin
organization are among the earliest responses to ECM stiffening and play pivotal roles in cell motility'*1718,
Primary WT and KO cells were plated on stiff and soft FN-coated hydrogels to assess the effect of CD44 on these
parameters. Despite the difference in stiffness-dependent motility, both WT and CD44KO cells spread ~4-fold
more on stiff as compared to soft substrata (Fig. 2A,B). No difference in spread area (Fig. 2A,B) or cell circularity
(Supplementary Figure S5A) was detected in WT and CD44KO cells. Similarly, immunofluorescence analysis
of phalloidin-labeled WT and CD44KO cells (Supplementary Figure S5B and Fig. 2C) revealed no difference in
stress fiber density (Fig. 2D). Thus, CD44 is not required for cell spreading or the stress fiber response to ECM
stiffness.

Focal adhesions connect the ECM to the cytoskeleton through integrins and play a critical role in many cellu-
lar processes*®#!. Formation and maturation of focal adhesions as well as their tyrosine-phosphorylated activation
state transduce signals that drive cell migration**-*2. To determine whether the migratory defect in CD44KO cells
is due to changes in focal adhesion maturation and/or activation, we compared the expression and phosphoryl-
ation of several important focal adhesion proteins (vinculin, paxillin, FAK and talin) in WT and CD44KO cells
after seeding on stiff FN-coated hydrogels.

We examined FAK phosphorylation at Y397 (its autophosphorylation site*!), paxillin phosphorylation at
Y118 (which is involved in focal complex assembly and Rac activation*’) and vinculin phosphorylation at Y1065
(which promotes f-actin binding and bundling****). Western blotting and immunostaining for these total and
phosphorylated proteins (Supplementary Figures S6-S8) indicated that phosphorylation and abundance of vin-
culin, vinculinP¥1%5, FAK, FAKPY*?7, paxillinP¥!!® and talin in focal adhesions were similar in WT and CD44KO
cells as assessed at both 6 h and 16h after seeding. Thus, we could not detect an effect of CD44 on focal adhesion
maturation and activation in dermal fibroblasts. This conclusion was then confirmed by direct co-staining of
WT and CD44KO cells for phosphorylated and total vincuiln (Supplementary Figure S9). We did observe a
small increase in area of paxillin-containing focal adhesions (Fig. 3A,B) and a trend towards increased inten-
sity (Fig. 3C) without any significant difference in number of paxillin-containing focal adhesions (Fig. 3D).
Atomic force microscopy (AFM) showed that these small changes were insufficient to alter intracellular stiffness
(Fig. 3E,F). Collectively, these data indicate that CD44 can strongly regulate stiffness-dependent motility without
comparable effect on the formation or activation of focal adhesions or on the mechanotransduction of ECM
stiffness into cellular stiffness.

CDA4#4 is dispensable for stiffness-dependent cell proliferation.  The fact that CD44KO cells have an
impaired motility response to ECM stiffness, despite a normal morphological response, raised the question of
whether CD44 would be required for stiffness-dependent proliferation. To address this possibility, we compared
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Figure 1. CD44 is essential for the motility response to ECM stiffness. (A) WT and CD44KO cells were
incubated on soft and stiff FN-coated hydrogels with 10% FBS for 16 h. NucBlue was added to the cells, and

the cells were then imaged every 5min for 5h. The coordinates of the nucleus centroid using NucBlue were
determined, and cell trajectories were plotted. (B) Net displacement and (C) directionality of WT and CD44KO
cells on soft and stiff FN-coated hydrogels were quantified and plotted as mean =+ s.e.m. for 5 independent
experiments.
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Figure 2. CD44 is dispensable for the morphologic response to ECM stiffness. WT and CD44KO cells were
incubated on soft and stiff FN-coated hydrogels with 10% FBS for 16 h. (A,B) Cells were fixed and imaged by
phase contrast microscopy; cell area was quantified and plotted as mean =+ s.e.m. for 4 independent experiments.
(C) Zoom of region of interest (ROI) of phalloidin-stained images shown in Supplementary Figure S5B. (D)
Average phalloidin intensity was analyzed and plotted as mean & s.e.m. for 4 independent experiments.

the extent of EAU incorporation in the primary WT and CD44KO cells cultured on hydrogels under the con-
ditions we used for the motility assay. Our initial experiments compared stiffness-sensitive EAU incorporation
of subconfluent WT and CD44KO cells. Consistent with our previous reports®!?, the number of EdU-labeled
nuclei was low when cells were plated on the soft hydrogels and increased when the substratum was stiffened
(Fig. 4). The same results were obtained in the absence of CD44 (Fig. 4), showing that CD44 is dispensable for the
stiffness-dependent increase in cell cycling.

Other studies have reported that CD44 inhibits proliferation in high cell density cultures of endothelial cells
and dermal fibroblasts**”. To test whether loss of CD44 would regulate stiffness-dependent cell cycling under
high-density culture conditions, WT and CD44KO cells were cultured sparsely and densely on stiff FN-coated
hydrogels (Fig. 5A,B), and the extent of EQU incorporation was assessed. There was a decrease in EAU incorpora-
tion with increasing cell culture density but loss of CD44 did not alter cell cycling in these high-density cultures
(Fig. 5A,B). Taken together, our studies indicate that CD44 can selectively affect stiffness-stimulated motility
without altering stiffness-stimulated cell proliferation. We also emphasize that our results agree with previous
work on plastic (rigid) substrata demonstrating that the proliferative effect of CD44 in fibroblasts requires incu-
bation times beyond those studied here*.

Discussion

While many studies have demonstrated a role for CD44 in cell motility*”#64-%3, very little is known about the role
of CD44 in stiffness-dependent responses. Here, we show loss of CD44 prevents the normal motility response
to ECM stiffening. We considered how CD44 might regulate cell migration in response to stiffness by assessing
processes that contribute to cell migration. Surprisingly, we found that loss of CD44 reduced motility without
affecting cell spreading, stress fiber formation and focal adhesion maturation and activity when primary dermal
fibroblasts were cultured on FN-coated surfaces of physiologic elasticity. Nor did the absence of CD44 affect the
transduction of ECM stiffness into intracellular stiffness or stiffness-stimulated EAU incorporation. We there-
fore posit that our data reveal a new effect of CD44 on cell motility that is imposed downstream of canonical
stiffness-mediated mechanosensing and stress fiber formation (Fig. 5C).

Kim and Kumar have also examined the effect of CD44 in regulation of stiffness-dependent motility*”. In
these studies CD44 was knocked-down in glioblastoma cells, and the cells were cultured on hydrogels of methy-
acrylated HAY. In this system, CD44 knockdown inhibited initial stiffness-dependent adhesion when cells were
seeded on 2D HA hydrogels with or without the integrin ligand RGD. However, knockdown of CD44 did not
strongly affect spreading or motility when the cells were seeded on the RGD-HA hydrogels. Since our studies use
hydrogels coated with FN, an RGD-containing integrin ligand, the results we obtained are consistent with those
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Figure 3. CD44 is dispensable for the mechanotransduction of ECM stiffness into cellular stiffness. (A) WT
and CD44KO cells were incubated on stiff FN-coated hydrogels with 10% FBS for 16 h. The cells were fixed and
stained for paxillin. The zoom shows magnified views of paxillin staining in the region of interest (ROI; white
boxes). Focal adhesion area (B) normalized intensity (C) and number per pm? (D) were quantified and plotted
as mean =+ s.e.m. for 4 independent experiments. (E,F) WT and CD44KO cells were incubated on soft and stiff
FN-coated hydrogels with 10% FBS for 16 h, and the stiffness of the cells (E) and hydrogels (F) were measured
by AFM. Quantification of stiffness was plotted as mean + s.e.m. for 3 independent experiments.

in glioblastoma cells in that integrin-based signaling is likely supporting stiffness-dependent changes in spread-

ing, stress fiber formation, focal adhesion assembly and cell cycling in CD44 KO fibroblasts despite the defect in
motility.
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Figure 4. CD44 is dispensable for stiffness-dependent cell proliferation. WT and CD44KO cells were incubated
on soft and stiff FN-coated hydrogels with 10% FBS and 10 pM EdU for 16 h. The cells were fixed, stained for
EdU-labeled nuclei and counterstained with DAPI (total nuclei). (A) Representative images of EdU- and DAPI-
labeled nuclei. (B) The number of EdU-labeled nuclei was normalized to the WT cells on stiff hydrogels and
plotted as mean + s.e.m. for 3 independent experiments.

How might CD44 regulate motility without affecting stress fiber formation and focal adhesion assembly?
Force provided by polymerization of the cortical actin at the leading edge is important for initiation of cell migra-
tion as it powers membrane protrusions and drives cell migration®*. Thus, a stress fiber-independent effect of
CD44 on cell motility may be mediated through the cortical actin cytoskeleton. The cortical actin network is in
part regulated by ERM proteins, which associate with the cytoplasmic tail of CD44%*%. ERM proteins modulate
cortical architecture and provide structural links to strengthen the cell cortex by crosslinking actin filaments to
the membrane®. The ERM-CD44 interaction is important for cell motility, and both CD44 and ERM proteins
localize to leading edge lamellipodia and induce front-rear cell polarity?*48:49-52:53.56.57,

CD44 may also regulate cell motility through an adhesion-independent mechanism involving CD44 prote-
olytic cleavage. CD44 undergoes sequential proteolytic cleavage of the extracellular domain (ECD) and intra-
cellular domain (ICD)%-¢2 Cleavage of the ECD is important for CD44-mediated migration®*%. The ICD acts
as a signal transduction molecule, as it translocates to the nucleus and can mediate gene transcription®®6364,
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Figure 5. Stiffness-dependent motility requires CD44 but proliferation is regulated by cell density independent

of CD44. WT and CD44KO cells were seeded on stiff FN-coated hydrogels at low and high cell density and
incubated with 10% FBS and 10 M EdU for 16 h. (A) Representative phase contrast images, DAPI-labeled nuclei,
and EdU-labeled nuclei from one of 3 independent experiments. (B) Quantified results were normalized to EdU
incorporation of the low density WT cells on stiff hydrogels and plotted as mean =+ s.e.m. for the 3 independent
experiments. (C) ECM stiffness stimulates cell spreading, stress fiber and focal adhesion formation and intracellular
stiffening. These processes contribute to cell proliferation and motility in response to ECM stiffening. CD44 is
selectively required for the motility response to ECM stiffening downstream of these stiffness-dependent events.

Perhaps this pathway regulates transcription of genes involved in stimulating cell motility downstream of ECM
stiffness-sensing and adhesion-dependent signaling.

In an earlier study, we examined the effect of CD44 on cytoskeleton architecture and motility of lung fibroblasts
cultured on a rigid (glass and plastic) substrata®®. This study, which used a scratch assay, also showed a positive
effect of CD44 on directionality, but cell velocity increased and stress fibers decreased in CD44KO cells. Differential
activation of TGF-$ was a key feature of those studies*. Future work will be required to determine if the different
results in that study and the present report reflect a distinct biology of skin versus lung fibroblasts, or a fundamental
differences in signaling when cells are cultured on rigid substrata versus ones of physiological relevant elasticity.

Our work reveals a new link between CD44 and the motility response to ECM stiffness and suggests that
CD44 can uncouple the proliferative and motility responses of cells to increased rigidity of the ECM (Fig. 5C).
Interestingly, we find that WT and CD44KO cells respond similarly to initial increases in ECM stiffness (from
2-10kPa), but further increases in ECM stiffness selectively fail to affect CD44KO cells. Thus, the role of CD44 in
cell motility in vivo will likely depend on the degree to which the ECM stiffens.
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Methods

See supplementary methods for antibodies and reagents and immunofluorescence and western blotting protocols.

Cell lines and culture conditions.  Primary dermal fibroblasts were isolated from 3-4 month male WT and
CD44KO mice on a C57BL/6 background and used between passages 1-5. Animal work in this study was carried
out in accordance with relevant guidelines and regulations and approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania. The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) containing 10% fetal bovine serum (FBS), and 50 p.g/ml gentamicin. Cells were incubated
at 37°C in a humidified atmosphere containing 10% CO,.

Polyacrylamide hydrogel preparation. Our detailed protocol for preparation of FN-coated polyacrylamide
hydrogels has been described previously®. Briefly, to covalently attach polyacrylamide gels to glass coverslips (Fisher),
“reactive” cover slips were generated by incubation with NaOH followed by addition of 3-APTMS. Glutaraldehyde was
used to cross-link the 3-APTMS to the polyacrylamide gel. Solutions containing a constant acrylamide concentration
of 7.5%, and bis-acrylamide concentrations of 0.03% for “soft gels” (2-4 kPa), 0.15% for “intermediate stiffness gels”
(8-10 kPa) and 0.3% for “stiff gels” (18-20 KPa) were prepared. Ammonium persulfate and TEMED were used to
polymerize the hydrogels. N-hydroxysuccinimide (NHS) was incorporated into the solution to crosslink ECM protein
to the hydrogel. The hydrogels were then coated overnight by incubation in 0.5ml of 5p.g/ml FN (Calbiochem) in PBS.

Random motility assay and quantification. Asynchronous cells were seeded on FN-coated hydrogels
in DMEM with 10% FBS and incubated overnight in a 24-well plate to allow cells to fully spread. NucBlue (~50 ul/
ml; Thermo Fisher) was added 16 h after seeding and incubated with the cells for 30 min at 37 °C. The plate was
transferred to a humidified chamber (5% CO,) mounted on a DeltaVision or EVOS microscope. Cells were then
imaged by phase contrast microscopy and at 360 nm (to monitor the NucBlue label) every 5min for 5h using a
10X objective. Random motility was quantified by nuclear tracking using the Fiji TrackMate Plugin. The coordi-
nates of the nucleus centroid were determined and used to calculate cell trajectories, net displacement (distance
from origin), total distance, average cell speed, and directionality using the DiPer open-source computer pro-
gram®. Cells entering or exiting the field of view or dividing during the time-lapse imaging were excluded from
the analysis. 20-30 cells were analyzed per condition in each independent experiment.

Image analysis. To determine the intensity of stress fibers, three lines were drawn across different regions
of stress fibers within each cell, and a plot profile (distance along the line vs. pixel intensity) was obtained®’.
Background signal intensities were subtracted by fitting a trend line to the plot profile in Excel. All numbers less
than or equal to zero were changed to 0, and a Riemann sum was used to obtain the area under the intensity plot.
Finally, the area was normalized to the length of the drawn line, and this area/distance ratio was defined as total
actin intensity. 6-10 cells were analyzed per condition in each independent experiment.

The intensity of focal adhesion proteins were quantified with Fiji by measuring raw integrated densities of the
signal excluding the perinuclear region. Background raw integrated densities were subtracted, and this net inte-
grated density was then normalized to the total measured cell area. Morphometric analysis of area and number
of focal adhesions excluding the perinuclear region was also conducted using Fiji. 6-10 cells were analyzed per
condition in each independent experiment.

Cell area and circularity were measured by manually tracing the outline of phase images and quantifying using
Fiji. Circularity of 1.0 indicates a perfect circle, and circularity values approaching zero indicate increasingly elon-
gated polygons. 20-25 cells were analyzed per condition in each independent experiment.

EdU incorporation assay. Asynchronous cells were seeded on FN-coated hydrogels in DMEM with 10%
FBS for 1h before addition of 10 uM 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen). Cells were fixed 16 h after
incubation. EAU was visualized using the Click-iT EdU Imaging Kit (Invitrogen) according to the manufac-
turer’s instructions. Nuclei were stained with DAPI, and hydrogels were mounted onto glass microscope slides.
Approximate 4-6 fields of view were manually counted per sample to determine the number of EdU-labeled
nuclei relative to DAPI-stained nuclei. 30-50 cells were counted in each of 3 independent experiments.

Atomic force microscopy. Asynchronous cells were seeded on FN-coated hydrogels, and the media was
changed to phenol red-free DMEM with 10% FBS after 16h. AFM in force mode was used to monitor the intra-
cellular stiffness of single adherent cells on hydrogels using a DAFM-LN or Catalyst Bioscope AFM mounted,
respectively, on a Zeiss Axiovert or Nikon Eclipse TE 200 microscope. Cells were indented with a standard silicon
nitride cantilever (spring constant = 0.06 N/m) with a 1-pum spherical tip. To quantify the intracellular stiffness (E;
Young’s modulus), the first 500 nm of indentation was fit using the Hertz model for a sphere. Three measurements
of intracellular stiffness were collected at regions of the cell between the nucleus and the periphery, and ten cells
were measured per condition. AFM force curves were analyzed and converted to Young’s modulus using custom
MATLAB scripts (generously provided by Paul Janmey, University of Pennsylvania) or NanoScope Analysis soft-
ware (Bruker). Regions of the hydrogels lacking cells were probed to determine hydrogel stiffness.

Statistical analysis. Statistical analyses were performed using Prism 6 software (GraphPad Software, Inc).
Data are presented as mean + s.e.m. of the indicated number of independent experiments and were analyzed
using an unpaired t-test. p values < 0.05 were considered statistically significant.

Data availability. Primary data used in figures are available on reasonable request.

SCIENTIFICREPORTS | 7: 16499 | DOI:10.1038/541598-017-16486-z 8



www.nature.com/scientificreports/

References

O 0NN U R W N

—
(=]

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.
26.

27.
28.
29.
30.

31.

44,

45.

46.

47.

48.
49.

50.

. Diez, ]. Arterial stiffness and extracellular matrix. Adv. Cardiol. 44, 76-95 (2007).
. Liu, F. et al. Feedback amplification of fibrosis through matrix stiffening and COX-2 suppression. J Cell Biol 190, 693-706 (2010).
. Giannelli, G., Quaranta, V. & Antonaci, S. Tissue remodelling in liver diseases. Histol Histopathol 18, 1267-1274 (2003).

Huang, S. & Ingber, D. E. Cell tension, matrix mechanics, and cancer development. Cancer Cell 8, 175-176 (2005).

. Butcher, D. T,, Alliston, T. & Weaver, V. M. A tense situation: forcing tumour progression. Nat. Rev. Cancer 9, 108-122 (2009).
. Wells, R. G. The role of matrix stiffness in regulating cell behavior. Hepatology 47, 1394-1400 (2008).

Hinz, B. Mechanical Aspects of Lung Fibrosis: A Spotlight on the Myofibroblast. Proc. Am. Thorac. Soc. 9, 137-147 (2012).

. Klein, E. A. et al. Cell-cycle control by physiological matrix elasticity and in vivo tissue stiffening. Curr Biol 19, 1511-1518 (2009).
. Peyton, S. R. & Putnam, A. J. Extracellular matrix rigidity governs smooth muscle cell motility in a biphasic fashion. J Cell Physiol

204, 198-209 (2005).

. Mann, B. K., Gobin, A. S., Tsai, A. T., Schmedlen, R. H. & West, J. L. Smooth muscle cell growth in photopolymerized hydrogels with

cell adhesive and proteolytically degradable domains: synthetic ECM analogs for tissue engineering. Biomaterials 22, 3045-3051
(2001).

DeLong, S. A., Moon, J. J. & West, J. L. Covalently immobilized gradients of bEGF on hydrogel scaffolds for directed cell migration.
Biomaterials 26, 3227-3234 (2005).

Bae, Y. H. et al. A FAK-Cas-Rac-lamellipodin signaling module transduces extracellular matrix stiffness into mechanosensitive cell
cycling. Sci Signal 7, ra57 (2014).

Mason, B. N,, Califano, J. P. & Reinhart-King, C. A. Matrix stiffness: a regulator of cellular behavior and tissue formation. Eng Biom
Reg Med., 19-37 (2012).

Lo, C. M., Wang, H. B., Dembo, M. & Wang, Y. L. Cell Movement Is Guided by the Rigidity of the Substrate. Biophys ] 79, 144-152
(2000).

Dokukina, I. V. & Gracheva, M. E. A model of fibroblast motility on substrates with different rigidities. Biophys. J. 98, 2794-2803
(2010).

Louis, S. F. & Zahradka, P. Vascular smooth muscle cell motility: From migration to invasion. Exp Clin Cardiol 15, €75-85 (2010).
Yeung, T. et al. Effects of substrate stiffness on cell morphology, cytoskeletal structure, and adhesion. Cell Motil Cytoskelet. 60, 24-34
(2005).

Pelham, R. J. Jr. & Wang, Y. L. Cell locomotion and focal adhesions are regulated by substrate flexibility. Proc Natl Acad Sci USA 94,
13661-13665 (1997).

Solon, J., Levental, I., Sengupta, K., Georges, P. C. & Janmey, P. A. Fibroblast adaptation and stiffness matching to soft elastic
substrates. Biophys ] 93, 4453-4461 (2007).

Engler, A. ], Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem cell lineage specification. Cell 126, 677-689 (2006).
Thyberg, J., Blomgren, K., Roy, J., Tran, P. K. & Hedin, U. Phenotypic modulation of smooth muscle cells after arterial injury is
associated with changes in the distribution of laminin and fibronectin. ] Histochem Cytochem 45, 837-846 (1997).

To, W. S. & Midwood, K. S. Plasma and cellular fibronectin: distinct and independent functions during tissue repair. Fibrogenesis
Tissue Repair 4,21 (2011).

Discher, D. E., Janmey, P. & Wang, Y. L. Tissue cells feel and respond to the stiffness of their substrate. Science (80-.). 310, 1139-1143
(2005).

Mih, J. D., Marinkovic, A., Liu, E, Sharif, A. S. & Tschumperlin, D. J. Matrix stiffness reverses the effect of actomyosin tension on cell
proliferation. J. Cell Sci. 125, 5974-5983 (2012).

Paszek, M. J. et al. Tensional homeostasis and the malignant phenotype. Cancer Cell 8, 241-254 (2005).

Pelham, R. J. Jr. & Wang, Y. Cell locomotion and focal adhesions are regulated by substrate flexibility. Proc Natl Acad Sci USA 94,
13661-13665 (1997).

DeMali, K. A., Wennerberg, K. & Burridge, K. Integrin signaling to the actin cytoskeleton. Curr Opin Cell Biol 15, 572-582 (2003).
Schwartz, M. A. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb Perspect Biol 2, 2005066 (2010).
Ponta, H., Sherman, L. & Herrlich, P. A. CD44: from adhesion molecules to signalling regulators. Nat Rev Mol Cell Biol 4, 33-45
(2003).

Naor, D,, Sionov, R. V. & Ish-Shalom, D. CD44: structure, function, and association with the malignant process. Adv Cancer Res 71,
241-319 (1997).

Aruffo, A., Stamenkovic, L., Melnick, M., Underhill, C. B. & Seed, B. CD44 is the principal cell surface receptor for hyaluronate. Cell
61, 130313 (1990).

. Berrier, A. L. & Yamada, K. M. Cell-matrix adhesion. J Cell Physiol 213, 565-573 (2007).
. Clark, E. A. & Brugge, J. S. Integrins and signal transduction pathways: the road taken. Science (80-.). 268, 233-239 (1995).
. Fehon, R. G., McClatchey, A. I. & Bretscher, A. Organizing the cell cortex: the role of ERM proteins. Nat. Rev. Mol. Cell Biol. 11,

674-674 (2010).

. Iwamoto, D. V. & Calderwood, D. A. Regulation of integrin-mediated adhesions. Current Opinion in Cell Biology 36, 41-47 (2015).
. Chopra, A. et al. c. Biomaterials 35, 71-82 (2014).
. Kim, Y. & Kumar, S. CD44-mediated adhesion to hyaluronic acid contributes to mechanosensing and invasive motility. Mol Cancer

Res 12, 1416-1429 (2014).

. Tse, J. R. & Engler, A. J. Preparation of hydrogel substrates with tunable mechanical properties. Curr Protoc Cell Biol Chapter 10,

Unit10 16 (2009).

. Caliari, S. R. & Burdick, J. A. A practical guide to hydrogels for cell culture. Nat. Methods 13, 405-14 (2016).
. Levy, J. R. et al. Cell adhesion: integrating cytoskeletal dynamics and cellular tension. Mol. Cell 11, 633-643 (2010).
. Wozniak, M. A., Modzelewska, K., Kwong, L. & Keely, P. J. Focal adhesion regulation of cell behavior. Biochim. Biophys. Acta 1692,

103-19 (2004).

. Huttenlocher, A. & Horwitz, A. R. Integrins in cell migration. Cold Spring Harb. Perspect. Biol. 3, 1-16 (2011).
. Zaidel-Bar, R., Milo, R., Kam, Z. & Geiger, B. A paxillin tyrosine phosphorylation switch regulates the assembly and form of cell-

matrix adhesions. J. Cell Sci. 120, 137-148 (2006).

Tolbert, C. E., Thompson, P. M., Superfine, R., Burridge, K. & Campbell, S. L. Phosphorylation at Y1065 in vinculin mediates actin
bundling, cell spreading, and mechanical responses to force. Biochemistry 53, 5526-5536 (2014).

Auernheimer, V. et al. Vinculin phosphorylation at residues Y100 and Y1065 is required for cellular force transmission. J. Cell Sci.
128, 3435-3443 (2015).

Tsuneki, M. & Madri, J. A. CD44 Influences Fibroblast Behaviors Via Modulation of Cell-Cell and Cell-Matrix Interactions,
Affecting Survivin and Hippo Pathways. J. Cell. Physiol. 231, 731-743 (2016).

Tsuneki, M. & Madri, J. A. CD44 regulation of endothelial cell proliferation and apoptosis via modulation of CD31 and VE-cadherin
expression. J. Biol. Chem. 289, 5357-5370 (2014).

Acharya, P.S. et al. Fibroblast migration is mediated by CD44-dependent TGF beta activation. J Cell Sci 121, 1393-1402 (2008).
Legg, J. W, Lewis, C. A, Parsons, M., Ng, T. & Isacke, C. M. A novel PKC-regulated mechanism controls CD44 ezrin association and
directional cell motility. Nat Cell Biol 4, 399-407 (2002).

Sugahara, K. N. et al. Tumor cells enhance their own CD44 cleavage and motility by generating hyaluronan fragments. J Biol Chem
281, 5861-5868 (2006).

SCIENTIFICREPORTS |7: 16499 | DOI:10.1038/541598-017-16486-z 9



www.nature.com/scientificreports/

51. Zhao, L. et al. CD44 expressed on both bone marrow-derived and non-bone marrow-derived cells promotes atherogenesis in ApoE-
deficient mice. Arterioscler. Thromb. Vasc. Biol. 28, 1283-1289 (2008).

52. Murai, T. et al. Engagement of CD44 promotes Rac activation and CD44 cleavage during tumor cell migration. J Biol Chem 279,
4541-4550 (2004).

53. Mrass, P. et al. CD44 mediates successful interstitial navigation by killer T cells and enables efficient antitumor immunity. Immunity
29, 971-985 (2008).

54. Lauffenburger, D. A. & Horwitz, A. L. Cell migration: A physically integrated process. Cell 84, 359-369 (1996).

55. McClatchey, A. I. ERM proteins. Curr. Biol. 22 (2012).

56. Zohar, R. et al. Intracellular osteopontin is an integral component of the CD44-ERM complex involved in cell migration. J. Cell.
Physiol. 184, 118-130 (2000).

57. Donatello, S. et al. Lipid raft association restricts CD44-ezrin interaction and promotion of breast cancer cell migration. Am. J.
Pathol. 181, 2172-2187 (2012).

58. Okamoto, . et al. Proteolytic release of CD44 intracellular domain and its role in the CD44 signaling pathway. J Cell Biol 155,
755-762 (2001).

59. Okamoto, I. et al. CD44 cleavage induced by a membrane-associated metalloprotease plays a critical role in tumor cell migration.
Oncogene 18, 1435-1446 (1999).

60. Murakami, D. et al. Presenilin-dependent gamma-secretase activity mediates the intramembranous cleavage of CD44. Oncogene 22,
1511-1516 (2003).

61. Kuo, Y. C. et al. Transforming growth factor-beta induces CD44 cleavage that promotes migration of MDA-MB-435s cells through
the up-regulation of membrane type 1-matrix metalloproteinase. Int ] Cancer 124, 2568-2576 (2009).

62. Cichy, J. & Puré, E. The liberation of CD44. J Cell Biol 161, 839-843 (2003).

63. Nagano, O. & Saya, H. Mechanism and biological significance of CD44 cleavage. Cancer Sci 95, 930-935 (2004).

64. Miletti-Gonzalez, K. E. et al. Identification of function for CD44 intracytoplasmic domain (CD44-ICD): Modulation of matrix
metalloproteinase 9 (MMP-9) transcription via novel promoter response element. J. Biol. Chem. 287, 18995-19007 (2012).

65. Cretu, A., Castagnino, P. & Assoian, R. Studying the effects of matrix stiffness on cellular function using acrylamide-based hydrogels.
J Vis Exp (2010).

66. Gorelik, R. & Gautreau, A. Quantitative and unbiased analysis of directional persistence in cell migration. Nat. Protoc. 9, 1931-43
(2014).

67. Hsu, B. Y, Bae, Y. H.,, Mui, K. L, Liu, S. L. & Assoian, R. K. Apolipoprotein E3 Inhibits Rho to Regulate the Mechanosensitive
Expression of Cox2. PLoS One 10, €0128974 (2015).

Acknowledgements

We thank Jeff Byfield of the University of Pennsylvania Translational Biomechanics Core for performing the
AFM analysis and Priya Govindaraju for providing and assisting with isolation of WT and CD44KO primary
dermal fibroblasts. We also thank Massimiliano Baldassarre (University of Aberdeen) for providing the
customized Image]J plugin for quantification of vinculin-containing focal adhesions. This work was supported
by NIH grant HL115553 and National Science Foundation Science and Technology Center for Engineering
and Mechanobiology award CMMI-1548571. Z.R. was supported by grants T32HL007954 and AHA
14POST18330004.

Author Contributions

Z.R. and R.K.A. conceived and designed the experiments. Z.R., P.C. and A.V.S. performed experiments. T.X.
isolated dermal fibroblasts. Z.R. and R.K.A. wrote the manuscript. E.P. provided the W.T. and CD44KO cells and
mice and contributed to the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16486-z.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 16499 | DOI:10.1038/541598-017-16486-z 10


http://dx.doi.org/10.1038/s41598-017-16486-z
http://creativecommons.org/licenses/by/4.0/

	Stiffness-dependent motility and proliferation uncoupled by deletion of CD44

	Results

	CD44 is essential for the motility response to ECM stiffness. 
	CD44 is dispensable for the morphologic response to ECM stiffness. 
	CD44 is dispensable for stiffness-dependent cell proliferation. 

	Discussion

	Methods

	Cell lines and culture conditions. 
	Polyacrylamide hydrogel preparation. 
	Random motility assay and quantification. 
	Image analysis. 
	EdU incorporation assay. 
	Atomic force microscopy. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 CD44 is essential for the motility response to ECM stiffness.
	Figure 2 CD44 is dispensable for the morphologic response to ECM stiffness.
	Figure 3 CD44 is dispensable for the mechanotransduction of ECM stiffness into cellular stiffness.
	Figure 4 CD44 is dispensable for stiffness-dependent cell proliferation.
	Figure 5 Stiffness-dependent motility requires CD44 but proliferation is regulated by cell density independent of CD44.




