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Abstract: The complex regulation of traction forces (TF) produced during cellular migration remains
poorly understood. We have previously found that calpain 4 (Capn4), the small non-catalytic subunit
of the calpain 1 and 2 proteases, regulates the production of TF independent of the proteolytic
activity of the larger subunits. Capn4 was later found to facilitate tyrosine phosphorylation and
secretion of the lectin-binding protein galectin-3 (Gal3). In this study, recombinant Gal3 (rGal3)
was added to the media-enhanced TF generated by capn4−/− mouse embryonic fibroblasts (MEFs).
Extracellular Gal3 also rescued defects in the distribution, morphology, and adhesive strength of
focal adhesions present in capn4−/− MEF cells. Surprisingly, extracellular Gal3 does not influence
mechanosensing. c-Abl kinase was found to affect Gal3 secretion and the production of TF through
phosphorylation of Y107 on Gal3. Our study also suggests that Gal3-mediated regulation of TF occurs
through signaling pathways triggered by β1 integrin but not by focal adhesion kinase (FAK) Y397
autophosphorylation. Our findings provide insights into the signaling mechanism by which Capn4
and secreted Gal3 regulate cell migration through the modulation of TF distinctly independent from
a mechanosensing mechanism.

Keywords: cell migration; traction force (TF); calpain 4 (Capn4); galectin-3 (Gal3); c-Abl kinase;
focal adhesion

1. Introduction

The orchestration of adhesion events during the migration of a cell requires coordi-
nated cues from both intracellular and extracellular factors [1–4]. The extracellular matrix
(ECM) provides cues that are both chemical and physical in nature. Perception of the extra-
cellular physical cues by a cell is referred to as mechanosensing, which is then translated
via mechanotransduction into a mechanoresponse [5–7]. Evidence suggests that the sensing
and force production mechanisms are linked [8–10]. For instance, substrate stiffness, in
which the cell is exposed to homeostatic tension, can affect the traction forces generated by
the actomyosin cytoskeleton of the cell [8,11–14]. The process by which mechanosensing
elicits a change in traction force is poorly understood.

Our group has previously discovered that the proteolytic holoenzymes calpains 1 and
2 are important for mechanosensing, but their individual knockdowns do not show an
effect on the generation of traction force. However, we have found evidence that calpain
small subunit 1 (Capn4), the common regulatory subunit of the holoenzymes, functions
independently of the large subunits in the generation of traction force [15].

To further understand how the calpain 4 (Capn4) subunit regulates the traction force
pathway, we previously looked at differential tyrosine phosphorylation levels of cellular
proteins from wild-type mouse embryonic fibroblast (MEF) and Capn4-silenced MEF cells.
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We determined that the protein galectin-3 (Gal3) had reduced tyrosine phosphorylation lev-
els in the absence of Capn4 [16]. Gal3 is a lectin-binding protein and is an atypical member
of the galectin family of proteins [17,18]. Gal3 is unique amongst family members in that its
carbohydrate recognition domain binds to the proline and glycine-rich N-terminal domain
of other Gal3 molecules allowing for extracellular oligomerization [19,20]. Three of its
tyrosine residues, 79, 107, and 118, were identified as the residues that are phosphorylated,
potentially by c-Abl kinase [21,22]. Gal3 has numerous functions both within and outside
the cell indicating that its localization is important for each of its roles [18,23–28]. Gal3
influences cell adhesion and migration extracellularly in various ways [29–34]. Extracellular
Gal3 regulates oligomerization and lateral mobility of integrins [32]. Through integrin
activation, Gal3 binds to specific galactose-rich N-glycans modified by Mgat 5 (β 1,6 N-
acetylglucosaminyltransferase V) at the cell surface that leads to ECM remodeling [34],
stabilizes focal adhesion dynamics, and mediates EGF (epidermal growth factor) signaling
in cooperation with phosphorylated caveolin-1 [30,33]. Gal3 is secreted by the non-classical
pathway, and a recent study has identified the presence of Gal3 in exosomes [35–39]. We
have found that in the absence of Capn4, the secretion level of Gal3 was greatly reduced [16].
Physiologically, Gal3 is implicated in fibrotic diseases of the lung, liver, and cardiovascular
tissues [40,41] amongst others. The Capn4-mediated regulation of Gal3 and its regulation
of traction force used by fibroblasts could be used to remodel the ECM and would provide
greater insights into these diseases.

Having identified a connection between Capn4 and the secretion of Gal3, here we
asked if Gal3 is linked to the generation of traction force. To this end, we measured traction
stress and adhesion strength and compared numbers and morphology of focal adhesions,
migration speed, and persistence in the presence and absence of extracellular recombinant
Gal3 (rGal3) added to calpain-deficient cells. We also assessed the ability of the cell to
sense both static and transient mechanical cues in the presence of rGal3 and its effect on
levels of β1 integrin activation and focal adhesion kinase (FAK) auto-phosphorylation.
We further identified a kinase that regulates Gal3 secretion and the production of traction
force. Furthermore, we identified an essential tyrosine residue in Gal3 that is required for
its secretion and subsequent effect on the production of traction force. In summary, we
have identified several significant components of a pathway that allows a cell to alternate
between the generation of forces and the sensing of the mechanical environment.

2. Materials and Methods
2.1. Cell Culture and Reagents

All cell lines used in this study including wild-type mouse embryonic fibroblasts
(MEFs), calpain 1 and calpain 2 silenced MEFs, and capn4−/− MEFs obtained from Dr.
Peter Greer (Queens University) have been previously described [16,42–44]. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose) (Sigma, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 1%
penicillin/streptomycin/glutamine (Gibco, Thermo Fisher, Greenville NC, USA) and grown
at 37 ◦C under 5% CO2 in a humidified cell culture incubator. Cells were passaged using
0.1% Trypsin–EDTA (Invitrogen, Carlsbad, CA, USA) and were not allowed to exceed eight
passages for any given cell line. The secretion of Gal3 was tested by collecting conditioned
media from two 60 mm culture dishes at 80% cell confluency. The collected conditioned
media were then loaded onto a 4–20% gradient Tris–HEPES–SDS precast polyacrylamide
gel system (Pierce Scientific, Rockford, IL, USA) for Western blot or for Coomassie Blue
staining to ensure equal loading. Lyophilized recombinant Gal3 (rGal3) was purchased
from R&D Systems and reconstituted at 250 µg/mL following the manufacturer’s protocol.
For all experiments, rGal3 was added at a 2 µg/mL concentration. For Capn4 and Gal3 gene
knockdowns, siGENOME SMARTpool siRNA from Dharmacon RNAi Technology (Thermo
Scientific, Greenville, NC, USA) was used. Off-target siRNA, also from Dharmacon RNAi
Technology, was used as a control whenever applicable. Appropriate RNA was introduced
into cells by nucleofection performed using an Amaxa Nucleofector II device and MEF-
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compatible nucleofection reagents (MEF 2 nucleofector solution, Lonza, Hayward, CA,
USA). pEGFP-N3, pECFP-Gal3, and pEGFP-Gal3 Y107F were kind gifts from Dr. Avraham
Raz (Karmanos Cancer Institute, Detroit, MI, USA). Plasmids were stably expressed in MEF
cells after nucleofection as described above. MEF cells were treated with 10 µM of Abl
kinase inhibitor STI571 (Cayman Chemical, Ann Arbor, MI, USA) or equivalent volume
of DMSO. Primary antibodies used for immunofluorescence and Western blot included
mouse anti-vinculin monoclonal antibody (V 4505, Sigma, St. Louis, MO, USA), rabbit
anti-FAK [pY397] polyclonal antibody (44–624G, Invitrogen, Carlsbad, CA, USA), rat anti-
Gal3 monoclonal antibody (gift from Dr. Avraham Raz, Karmanos Cancer Institute), and
mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), monoclonal antibody
(MAB374, Millipore, Burlington, VT, USA) as the loading control. The secondary antibody
used for immunofluorescence was Alexa Fluor® 488 goat anti-mouse IgG (H+L) (A11001,
Invitrogen, Carlsbad, CA, USA). ECL™ anti-mouse and anti-rabbit IgG, HRP-linked whole
antibodies (NA931 and NA934, respectively, GE Healthcare, Piscataway, NJ, USA) were
used as secondary antibodies for Western blot experiments. For immunofluorescence,
experiments, actin was visualized using Alexa Fluor® 546 phalloidin (A22283, Invitrogen,
Carlsbad, CA, USA).

2.2. Traction Force Microscopy and Analysis

Cells were seeded on flexible 5% acrylamide and 0.08% N,N-methylene-bis-acrylamide
polyacrylamide substrates prepared as described previously [45]. These substrates were
coated with fibronectin at a concentration of 5 µg/cm2. The estimated Young’s modulus
of these polyacrylamide substrates is 1105 Pa. After the cells were allowed to adhere to
the substrates by incubating them overnight under regular cell culture conditions, traction
force microscopy was performed as described earlier [46]. Briefly, three sets of images were
taken per field—a phase contrast image of the cell followed by two fluorescence images of
the embedded beads, with and without the cell on the substrate. Bead displacement maps
and the cell and nuclear boundaries were then used to calculate and render traction stress
values using a custom-made algorithm provided by Dr. Micah Dembo (Boston University).
The algorithm has been previously described [47,48].

2.3. Mechanosensing Experiments

To study the effect of substrate stiffness on cellular morphology (spread versus round),
cells were seeded on polyacrylamide substrates of two varying stiffness achieved by
varying the N,N-methylene-bis-acrylamide concentration (0.1% and 0.04% for hard and
soft substrates, respectively) keeping the acrylamide concentration constant at 5%. The
Young’s modulus of the hard and soft substrates is 1981 Pa and 330.2 Pa, respectively. The
substrates were coated with 5 µg/cm2 of fibronectin. Cells were seeded and incubated
overnight, and then live cell images were taken at 10X magnification. Observed protrusive
activity at 40X magnification indicated viability. The number of spread and round cells
were observed visually by their area and were then counted from six random fields for
each cell line seeded on either of the two substrates. The average cell count was compared.

The effect of a locally applied mechanical stimulus on cell migration was also studied
by seeding cells on 5%/0.1% acrylamide/N,N-methylene-bis-acrylamide polyacrylamide
substrates coated with fibronectin. The experiment was performed as described previ-
ously [45]. Briefly, a blunted microneedle was used to gently push the substrate in front
of a migrating cell. This leads to a decrease in the tension within the substrate. Cells
respond morphologically to this difference in tension by rounding up or altering their
migratory trajectory away from the needle. A “no response” is recorded when it remains
on its trajectory toward the needle without any gross morphological change. The response
is observed by taking images every 3 min for approximately 1 h.
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2.4. Cell Adhesion Assay

A centrifugation assay was used to evaluate adhesion strength and has been described
previously [15,49]. Briefly, cells were seeded onto 5%/0.08% acrylamide/N,N-methylene-
bis-acrylamide substrates coated with fibronectin. The cells were allowed to adhere at
37 ◦C for 30 min. Adhered cells from 10 random fields were counted before and after
centrifugation. Percentage adhesion for each cell line was calculated and compared.

2.5. Cell Migration Assay

Cells were seeded onto fibronectin-coated cover glass or 5%/0.08% acrylamide/N,N-
methylene-bis-acrylamide polyacrylamide substrates coated with fibronectin and incubated
overnight at 37 ◦C. The migration pattern of a cell was then observed at 40× magnification,
and images were collected at 2 min intervals for 2 h. Linear speed (µm/min) and persistence
(min) of each cell were then calculated using the custom-built dynamic image analysis
system software (DIM version 2.0, Y-L. Wang) based on the x,y coordinates of cell centroids.

2.6. Immunofluorescence

Cells were seeded onto fibronectin-coated cover glasses and incubated overnight under
regular cell culture conditions. The cells were then fixed and permeabilized using a two-
step protocol—first with 2.5% paraformaldehyde (Electron Microscopy Science, Sumpter,
SC, USA) at 37 ◦C for 10 min, followed by a second step with both 2.5% paraformaldehyde
and 0.1% Triton X-100 at RT for 10 min. Quenching was performed with 0.5 mg/mL
Na BH4 (Sigma, St. Louis, MO, USA,) in 1× PBS for 5 min at RT. This was followed by
blocking with 5% BSA in PBS for 1 h at room temperature. Following this, an anti-vinculin
antibody (Sigma, V4505, St. Louis, MO, USA) was added at a 1:200 dilution and incubated
at room temperature for 3 h. Alexa Fluor® 488 anti-mouse secondary antibody (Invitrogen,
Carlsbad, CA, USA,) was then added at a 1:500 dilution and incubated for 1 h at room
temperature followed by Alexa Fluor® 546 phalloidin (Invitrogen, a22283, Carlsbad, CA,
USA,) staining at a 1:500 dilution also for 1 h at room temperature. Each step was followed
by PBS washes (3 × 15 min each). Images were then collected using appropriate filters. The
number and size of vinculin-containing plaques were then measured using both manual
counts and Image J software, version 1.54 (NIH).

2.7. Microscopy

Images for all experiments described above were acquired using an Olympus IX81
ZDC inverted microscope fitted with a custom-built stage incubator to maintain cells at
37 ◦C under 5% CO2 for live-cell imaging and a Diagnostic Instruments Boost EM-CCD-
BT2000 back-thinned camera. The camera was driven by the IPLab software version 4.0
(BD Biosciences, Franklin Lake, NJ, USA).

2.8. Polyacrylamide Gel Electrophoresis and Western Blotting

Each cell line was cultured to 80% confluency in two 60 mm culture dishes coated
with fibronectin for protein extraction. Cells were lysed with triple detergent lysis buffer
(100 mM Tris-Cl, 300 mM NaCl, 0.5% sodium deoxycholate, 0.2% SDS, 2% NP 40) containing
Protease Inhibitor Cocktail (Sigma, St. Louis, MO, USA) and HaltTM Phosphatase Inhibitor
Cocktail (Thermo Scientific, Greenville, NC, USA). Protein concentrations were estimated
using the Bio-Rad DC protein assay kit. Equal protein concentrations for all cell lines
were then loaded onto a 4–20% gradient Tris–HEPES–SDS precast polyacrylamide gel
system (Pierce) and resolved at 100 V. The proteins were then transferred using the Bio-Rad
semi-dry transfer apparatus onto PVDF membranes (Bio-Rad, Hercules, CA, USA). After
transfer, the blots were blocked and then probed with the appropriate antibodies. Rabbit
anti-FAK (pY397) polyclonal antibody (Invitrogen, 44–624 G) was used at a 1:1000 dilution
in 1% BSA in Tris-buffered saline—0.1% Tween (TBS-0.1% Tween). The antibody incubation
was performed overnight at 4 ◦C. Rat anti-active β1 integrin monoclonal antibody (BD
Pharmingen, clone 9EG7), rabbit anti-β1 integrin polyclonal antibody (Millipore, AB1952
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Burlington, VT, USA), and goat anti-Arg polyclonal antibody (Santa Cruz, sc-6356) were all
used at a 1:500 dilution in 5% non-fat blotting grade milk in TBS-0.1% Tween. Rat anti-Gal3
monoclonal antibody (gift from Dr. Avraham Raz, Karmanos Cancer Institute) was used at
1:500 dilution in 5% non-fat blotting grade milk in phosphate-buffered saline—0.1% Tween
(PBS-0.1% Tween). Levels of GAPDH, the loading control, were detected using mouse
anti-GAPDH monoclonal antibody (Millipore, MAB374 Burlington, VT, USA) diluted to
1:7000 in 5% non-fat blotting grade dry milk in PBS-0.1% Tween. Commercially available
HRP-conjugated secondary antibodies (Amersham) were used and detected with ECL Plus
Western Blotting Detection Reagents (Amersham). Washes before and after the secondary
antibody treatment in each case were carried out using TBS-0.1% Tween for FAK [pY397],
β1 integrin, active β1 integrin, and Arg or PBS-0.1% Tween for Gal3 and GAPDH.

2.9. Statistical Analysis

Data were analyzed for the mean and standard deviation and represented by bar
graphs in some figures. The two-tailed t-test was used to test two variable significances
within a hypothesis.

Box and whisker plots were used to represent the mean (the line within the box), the
variance (whiskers), and the actual sample points, some of which may be overlapping.
Type I errors in the t-test p values were corrected with the Bonferroni correction formula p
value = α/σ. Assistance with analysis was provided by Wayne State University, Research
Design and Analysis Consulting (RDA).

3. Results
3.1. Gal3 Is Essential for the Generation of Cellular Traction Force

In a previous study, we discovered that cells deficient in Capn4 are impaired in their
ability to produce traction force [15]. Furthermore, this function is unique to the small
subunit, as knockdown or suppression of the catalytic activity of the large subunits, calpain
1 and calpain 2, did not affect traction forces. In subsequent experiments, we discovered that
Capn4 indirectly alters the tyrosine phosphorylation status of multiple proteins, including
the lectin-binding protein Gal3, and does so independently of the catalytic subunits [16].
Although the intracellular expression level of Gal3 remains unaffected in the absence
of Capn4, its level of tyrosine phosphorylation is reduced. Furthermore, a deficit in
phosphorylation prevents the secretion of Gal3 from the cell. Extracellular Gal3 is known
to regulate cell adhesion and migration, although the specifics of its function related to
Capn4 are lacking [29,33].

To solidify the functional connection between Capn4 and Gal3, we have asked if
extracellular Gal3 influences the magnitude of traction forces produced by migrating
fibroblasts. We used traction force microscopy (TFM), performed on polyacrylamide gels
of moderate stiffness (Young’s Modulus (E) = 1105 Pa), to measure the magnitude of
stress in MEF (Figure S1), capn4−/− and capn4−/− + recombinant Gal3 (rGal3) (Figure 1A).
Measurements from MEF cells, under conditions of Capn4 and Gal3 deficiencies, were
compared to wild-type and non-target siRNA control cells. As in previous experiments,
the capn4−/− MEF cells produced three-fold less traction than the wild-type MEF cells
(Figure 1B). Likewise, the silencing of Gal3 resulted in MEF cells with impaired traction,
thus mirroring the capn4−/− traction phenotype. The reduced traction in Gal3-silenced
MEF cells was restored by expressing Gal3 plasmid. We observed that the secretion of Gal3
was reduced by 74% in Gal3- and greater than 85% in Capn4-deficient cells (Figure 1C). To
address whether the secretion of Gal3 contributed to the shared traction phenotype, we
added exogenous recombinant Gal3 (rGal3) to the medium of Gal3-silenced and capn4−/−

cells. The addition of Gal3 not only rescued the defect in traction observed in the Gal3-
deficient and capn4−/− MEF cells, but it enhanced the magnitude beyond that of the control
cells (Figure 1B). These results suggest that the defects in traction force observed in Gal3-
and Capn4-deficient cells result from a lack of secreted Gal3 and are indirectly mediated by
Capn4 itself.
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Figure 1. Extracellular Gal3 rescues the defect in traction stress in Gal3 silenced or capn4−/− MEF
cells. (A) Representative vector plots depict the magnitude and direction of traction stress exerted
by a capn4−/− MEF cell (capn4−/−; left) and a capn4−/− MEF cell with recombinant Gal3 added
exogenously (capn4−/− + rGal3; right). The vectors indicate the direction and magnitude of traction
stress. The color map illustrates magnitude. (B) The box and whisker graphs of average traction
stress exerted by wild-type MEF cells, MEF cells treated with either control siRNA or Gal3 siRNA
(siGal3), siGal3 rescued by expressing Gal3 plasmid (siGal3 rescued), siGal3 with recombinant Gal3
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added exogenously (siGal3 + rGal3), capn4−/− and capn4−/− + rGal3. Data from 8–10 cells were
collected for each cell type, typically 2 cells per chamber dish for 5 independent trials were collected.
(C) Western blot of Gal3 from MEF-conditioned media, siControl, siGal3, siGal3 rescued, capn4−/−,
and control media (top), overexpressed Gal3 and endogenous Gal3 from cell lysates of siControl,
siGal3 and siGal3 rescued (two middle), and GAPDH served as the loading control (bottom). A graph
indicates endogenous Gal3 levels upon siRNA treatment. Data represent one of three independent
trials. Whiskers represent variation in data about the mean. Student’s t-test * p < 0.05; *** p < 0.005;
**** p < 0.001.

3.2. Extracellular Gal3 Affects the Numbers, Localization, Morphology, and Strength of
Focal Adhesions

Capn4-deficient MEF cells exhibit defective focal adhesion maturation [15]. Wild-type
MEF cells typically display adhesions of varying sizes ranging from small complexes that
form at the edge of the cell and more mature adhesions increasing in size as they grow
and move toward the center of the cell [40,41]. However, in capn4−/− cells, this process
is perturbed as indicated by adhesions of uniform sizes that are found at the periphery
of the cell, with few found within the cell body. This abnormality in focal adhesion size
and localization was also accompanied by a decrease in adhesion strength of the capn4−/−

MEF cells [15]. These defects in adhesions and strength likely contribute to the reduction
in traction stress that we see in the absence of Capn4. Since we were able to rescue the
traction force defect of capn4−/− MEF cells by the external addition of rGal3 to the media,
we evaluated the effect of extracellular Gal3 on adhesion size, numbers, and strength.
To identify size defects, the focal adhesion proteins vinculin and actin were visualized
in wild-type, capn4−/− MEF cells and capn4−/− cells with rGal3 added to the media. As
expected, more mature adhesions (as determined by their size and location) were found in
the cell body of wild-type MEF cells when compared to capn4−/− cells, where the adhesions
primarily localized to the periphery of the cell and had poor overlap with actin (Figure 2A).
In contrast, when rGal3 was added to the media of the capn4−/− cells, the number of
larger adhesions within the cell body increased greatly and overlap with actin staining was
observed (Figure 2A). Indeed, quantification of the size and number of focal adhesions
showed a significant increase (p < 0.01) in the number of adhesions of 1.5 µm2 in capn4−/−

cells treated with rGal3 compared to knockout cells alone (Figure 2B). The numbers of
adhesions in capn4−/− cells with rGal3 added externally had no significant difference from
those in wild-type MEF cells. As shown in Figure 2B, capn4−/− MEF cells had more than
60% of focal adhesions that were smaller than 0.5 µm2 (focal complexes) and were localized
to the periphery of the cell. These results suggest two things: First, extracellular Gal3
results in focal adhesion sizes and localization similar to wild-type MEF, and second, focal
adhesions grow in size in Capn4-deficient cells but a few increase to greater than 1.5 µm2

into the cell body. Further studies are required to identify the Gal3-mediated mechanism of
focal adhesion growth and turnover.

To test for the strength of adhesiveness to the substrates, we used a previously
described centrifugation assay [15,49]. Using the same set of cells described above in
addition to Gal3-specific siRNA, we measured cellular adhesion strength. We found
that in the absence of Capn4, approximately 60% of the cells remained adhered to
the polyacrylamide substrate on which they were seeded (Figure 2C). In comparison,
80–85% of wild-type MEF cells and MEF cells treated with control siRNA remained
adhered after centrifugation (Figure 2C). The addition of rGal3 to the media enhanced
the adhesiveness of capn4−/− cells, and more than 95% of cells remained adhered to
the substrate (Figure 2C). Silencing of Gal3 in MEF cells also reduced the adhesion
strength to approximately 67%, although the difference is not statistically significant
(Figure 2C). Our results indicate that Gal3 in the extracellular environment contributes
to strengthening the adherence of focal adhesions.
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Figure 2. Gal3 mediates changes in size and localization of focal adhesions and enhances adhesion
strength. (A) Anti-vinculin antibody (magenta) illustrates adhesion locations in wild type MEF cells
(top row), capn4−/− MEF cells (middle row), and capn4−/− MEF cells treated with rGal3 (bottom row).
Similarly, stress fibers are visualized by the staining of actin using fluorescent phalloidin (blue) in
MEF, capn4−/− and capn4−/− + rGal3 cells (scale bar, 10 µm). The white, blue, or yellow arrows in
Merge images indicate representative adhesion in different sizes: >1.5 µm2, <0.5 µm2, or 0.5–1.5 µm2,
respectively. (B) Box and whisker graphs represent the average number of adhesions within three
size ranges (<0.5 µm2, 0.5–1.5 µm2, or >1.5 µm2) in each of the three cell lines. The number of
focal adhesions was obtained from 25 to 30 cells for each cell line in three independent staining of
duplicate chamber dishes per line, a total of >4000 adhesions. (C) Adhesion strength is expressed as
a percentage of the number of cells that remain adhered after centrifugation. Data represent three
independent trials, each performed in replicate, for each cell line. Whiskers represent the variation in
data about the mean. Student’s t-test * p < 0.05; *** p < 0.005.
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3.3. Extracellular Gal3 Impacts Linear Speed and Persistence of Migration

Cells are known to migrate individually and collectively [50,51]. Biochemical and bio-
physical signals, both extracellular and intracellular, can alter the directionality (persistence)
and speed of migration [52]. Parameters such as adhesiveness and strength of traction stress
can modulate speed and persistence [53]. We measured persistence and the linear speed
of wild-type MEF cells and capn4−/− MEF cells when the cells were seeded on 5 µg/cm2

fibronectin-coated glass coverslips (to minimize biophysical communication) or polyacry-
lamide substrates. We found that on both coated glass (Figure 3A,B) and gels (Figure S2),
both linear speed and persistence of capn4−/− MEF cells were comparable to wild-type
MEF cells. We also added rGal3 to capn4−/− MEF cells cultured on fibronectin-coated
coverslips. Surprisingly, both linear speed and persistence were significantly increased
upon rGal3 addition, exceeding wild-type and capn4−/− levels (p < 0.005) (Figure 3A,B).
However, siRNA-mediated silencing of Gal3 did not affect these parameters, suggesting
that even small amounts of secreted Gal3 may suffice to support normal migration speeds
and persistence; indeed, previous studies have found low levels of Gal3 may act as an
antagonist occupying ECM-binding sites, allowing the cell to alter between migration and
remodeling under normal physiological states [50].

Biomedicines 2024, 12, x FOR PEER REVIEW 9 of 23 
 

independent trials, each performed in replicate, for each cell line. Whiskers represent the variation 
in data about the mean. Student’s t-test * p < 0.05; *** p < 0.005. 

3.3. Extracellular Gal3 Impacts Linear Speed and Persistence of Migration 
Cells are known to migrate individually and collectively [50,51]. Biochemical and bi-

ophysical signals, both extracellular and intracellular, can alter the directionality (persis-
tence) and speed of migration [52]. Parameters such as adhesiveness and strength of trac-
tion stress can modulate speed and persistence [53]. We measured persistence and the 
linear speed of wild-type MEF cells and capn4−/− MEF cells when the cells were seeded on 
5 µg/cm2 fibronectin-coated glass coverslips (to minimize biophysical communication) or 
polyacrylamide substrates. We found that on both coated glass (Figure 3A,B) and gels 
(Figure S2), both linear speed and persistence of capn4−/− MEF cells were comparable to 
wild-type MEF cells. We also added rGal3 to capn4−/− MEF cells cultured on fibronectin-
coated coverslips. Surprisingly, both linear speed and persistence were significantly in-
creased upon rGal3 addition, exceeding wild-type and capn4−/− levels (p < 0.005) (Figure 
3A,B). However, siRNA-mediated silencing of Gal3 did not affect these parameters, sug-
gesting that even small amounts of secreted Gal3 may suffice to support normal migration 
speeds and persistence; indeed, previous studies have found low levels of Gal3 may act 
as an antagonist occupying ECM-binding sites, allowing the cell to alter between migra-
tion and remodeling under normal physiological states [50]. 

 
Figure 3. Extracellular Gal3 influences migration speed and persistence. (A) Linear speed of wild-
type MEF cells (MEF), cells treated with control siRNA (siControl) or Gal3 siRNA (siGal3), capn4−/− 
Figure 3. Extracellular Gal3 influences migration speed and persistence. (A) Linear speed of wild-
type MEF cells (MEF), cells treated with control siRNA (siControl) or Gal3 siRNA (siGal3), capn4−/−

MEF cells (capn4−/−) and capn4−/− MEF cells with rGal3 exogenously added (capn4−/− + rGal3)
on fibronectin-coated glass coverslips. (B) Persistence of MEF, siControl, siGal3, capn4−/−, and
capn4−/− + rGal3. An average of 20 cells were observed for each cell type. Each cell was observed for
2 h, and each group of cell types represents an independent trial (4 trials). Whiskers represent the
variation in data. Student’s t-test; *** p < 0.005; n.s., not significant.
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3.4. Extracellular Gal3 Does Not Rescue the Mechanosensing Defect of Capn4-Deficient Cells

Cells can sense substrate stiffness, topography, and localized mechanical forces
generated by neighboring cells through a phenomenon referred to as mechanosens-
ing. There is evidence that different forms of external stimulation produce different
responses [6,54–56]. Many cell types prefer to spread and migrate on substrates whose
stiffness closely matches their endogenous substrate [57–63]. For example, wild-type
MEF cells spread and migrate better on stiffer substrates compared to soft polyacry-
lamide substrates coated equally with fibronectin [60]. When we tested the calpain-
deficient cells on hard and soft substrates (static mechanical input), we found that MEF
cells deficient in calpains 1 or 2 could sense a difference in stiffness. They responded
similarly to wild-type cells on these same substrates, whereas Capn4-deficient cells
could not sense the difference. In contrast, calpain 1, 2, or 4-deficient cells were unable
to sense locally applied stimuli provided by pushing on the substrate with a blunted
needle, immediately in front of a migrating cell [15]. A wild-type cell responds to the
local stimulus by rounding up or changing the migratory trajectory to avoid the stimulus.
Given that secreted Gal3 is essential for rescuing defects in traction force and adhesions
in the capn4−/− cells, a process linked to the sensing of external mechanical stimuli, we
asked if exogenous Gal3 could rescue the sensing defects of capn4−/− MEF cells.

Using fibronectin-coated hard and soft polyacrylamide substrates, we evaluated the
ability of cells to spread normally. As expected, all cell lines seeded on hard substrates
responded similarly and 90–95% of the cells were spread as for wild type. However, when
plated on soft substrates, almost half the number of wild-type MEF cells and MEF cells
treated with control non-target siRNA or Gal3 siRNA remained rounded (Figure 4A,B).
It should be noted that siGal3 and its control did register as p < 0.043, suggesting a
weakly significant difference. This is likely due to the incomplete knockdown, which
was observed to be 74% in Figure 1B. However, regarding the sensing experiment,
85% of capn4−/− MEF cells failed to sense the soft substrate and spread normally. The
addition of exogenous rGal3 to capn4−/− MEF cells failed to rescue this defect and 80% of
them spread normally (Figure 4A,B). These results suggest that extracellular Gal3 is not
involved in the mechanosensing pathway adopted by cells to sense the static stiffness of
its environment.

To address the ability of capn4−/− MEF cells treated with rGal3 to sense a locally
applied transient stimulus, we subjected these cells to a technically difficult needle-
pushing assay described earlier. None of the Capn4-deficient cells treated with rGal3
responded to the stimulus (n = 0 of 6) (Figure 5A,B). Similarly, only 4 out of 16 capn4−/−

cells responded to the externally applied local stimulus (Figure 5A,B). However, most of
the wild-type MEF cells (n = 9 of 9), control siRNA- (n = 5 of 6), or Gal3 siRNA-treated
MEF (n = 5 of 6) cells responded to the applied stimulus (Figure 5A,B). These results
suggest that Gal3 is not important for cellular mechanotransduction in response to
static tension or a locally applied transient stimulus, although Gal3 clearly affects the
production of traction forces.

3.5. c-Abl Kinase Enhances Gal3 Secretion and Production of Traction Force

Previous studies have found that Gal3 is phosphorylated by c-Abl kinase on three
tyrosine residues: Y79, Y107, and Y117 [21,22]. To determine whether c-Abl kinase-
mediated tyrosine phosphorylation of Gal3 influences its secretion, we compared Gal3
levels in conditioned media from MEF cells treated with either vehicle (DMSO) or an
Abl kinase inhibitor (STI571). When the kinase activity was inhibited, the level of Gal3
secretion decreased remarkably (Figure 6A,B). We further performed TFM to examine if
the decreased Gal3 secretion by c-Abl kinase also affects traction force. STI571-treated
MEF cells had significantly lower traction compared to that of DMSO-treated cells
(Figure 6C). The decreased traction in STI571-treated MEF cells was rescued by adding
conditioned media from wild-type MEF cells, which contain secreted Gal3, as we have
previously reported [16], or by exogenously adding rGal3 (Figure 6C). This suggests that
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the defect in traction observed in STI571-treated cells is caused by reduced extracellular
Gal3 levels. STI571 is also known to inhibit the Abelson-related gene (Arg, also known as
Abl2), which is within the Abl family of non-receptor tyrosine kinases [64]. To examine if
the decreased Gal3 secretion and traction in STI571-treated MEF cells could be mediated
by Arg, we knocked down Arg expression using siRNA and performed Western blot
and TFM (Figure 6D,E,H). However, there was no significant difference in the secretion
of Gal3 (Figure 6F,G) or traction force generation (Figure 6H) from Arg siRNA-treated
MEF cells compared to cells treated with control siRNA. Together, this suggests that the
c-Abl-mediated tyrosine phosphorylation of Gal3 affects its secretion and the generation
of traction force mediated by extracellular Gal3.
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Figure 4. Extracellular Gal3 is not required for sensing the homeostatic tension of the underlying
substrate. (A) Representative images (10×) of MEF, siControl, siGal3, capn4−/−, and capn4−/− + rGal3
show cell morphology of the cells on fibronectin-coated hard and soft polyacrylamide substrates.
siRNA-treated cells have been co-nucleofected with a GFP plasmid to ensure that only nucleofected
cells are considered during counting (scale bar, 50 µm). (B) Bar graphs represent the percentage of
round cells when seeded on hard or soft polyacrylamide substrates coated with fibronectin (at least
80 cells were examined for each condition, replicates of 3 trials). Error bars represent mean ± SEM.
Student’s t-test * p < 0.05; *** p < 0.005; n.s., not significant.
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Figure 5. Gal3 is not involved in sensing a locally applied mechanical stimulus. (A) Representative
time-lapse images display cellular responses of MEF, siControl, siGal3, capn4−/−, and capn4−/− +
rGal3 in response to an externally applied local mechanical stimulus. The migration trajectories
prior to stimulation are indicated by red arrows. The yellow arrows in the second column denote
the orientation in which the blunted needle is pushed onto the substrate (scale bar, 10 µm). (B) The
table summarizes the rate of positive responses (rounding up of the cell or migrating away from
the stimulus) observed for each cell type. The number of cells that showed a positive response is
indicated, and collection of data from 1 of each cell type was attempted in each of the 10 trials.
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Figure 6. c-Abl kinase, but not Arg kinase, regulates Gal3 secretion and traction force production,
which is recovered by extracellular Gal3. (A) Western blot of Gal3 from conditioned media of MEF
cells treated with either vehicle (DMSO) or Abl kinase inhibitor (STI571). (B) Quantification of secreted
Gal3 levels of MEF cells with DMSO or STI571. Normalized intensity expressed in arbitrary units in
the bar graphs is an average of three independent experiments. (C) Bar graph of average traction
stress exerted by MEF cells treated with either DMSO (n = 19) or STI571 (n = 37), and MEF cells
treated with STI571 with conditioned media from wild-type MEF cells (STI571 + MEF conditioned
media; n = 15) or with rGal3 (STI571 + rGal3; n = 18) exogenously added to the media. (D) Western
blot of Arg from cell lysates of wild-type MEF cells (MEF) and cells nucleofected with control siRNA
(siControl) or Arg siRNA (siArg). GAPDH served as the loading control. (E) Quantification of Arg
levels of MEF cells and cells with siControl or siArg. Normalized intensity expressed in arbitrary
units in the bar graphs is an average of three independent experiments. (F) Western blot of Gal3
from conditioned media of MEF cells and cells treated with siControl or siArg. (G) Quantification of
secreted Gal3 levels of MEF cells and cells with siControl or siArg. Normalized intensity expressed
in arbitrary units in the bar graphs is an average of three independent experiments. Total protein
level by Coomassie Blue staining is used to normalize the intensity of secreted Gal3. (H) Bar graph
of average traction stress exerted by MEF cells (n = 14), and cells treated with siControl (n = 22)
or siArg (n = 21). Error bars represent mean ± SEM. Student’s t-test *** p < 0.005; **** p < 0.001;
n.s., not significant.
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3.6. Y107 Phosphorylation of Gal3 Is Critical for Its Secretion and the Generation of Traction Forces

It was previously determined that Y107 of Gal3 is the primary phosphorylation target of
c-Abl kinase and is significant in the morphology and motility of breast cancer cells [21]. We
next evaluated whether the Y107 phosphorylation of Gal3 is crucial for the secretion of Gal3
and to produce traction forces. MEF cells were overexpressed with an empty vector, wild-
type Gal3 (w.t. Gal3) or a non-phosphorylatable mutant form of Gal3 at Y107; tyrosine-107
residue has been substituted with phenylalanine (Y107F-Gal3). We compared the magnitudes
of traction force among the three cell lines and found that w.t. Gal3 but not Y107F-Gal3
overexpression in MEF cells resulted in greater traction being generated than that of control
cells (Figure 7A). This is consistent with the observation that conditioned media showed
no significant increase in extracellular Gal3 when Y107F-Gal3 was overexpressed, whereas
more than a two-fold increase in Gal3 secretion occurred with w.t. Gal3 overexpression
(Figure 7B,C). Intracellular Gal3 overexpression levels were similar between the cells with
w.t. Gal3 or Y107F-Gal3, and endogenous Gal3 levels remained similar among all three cell
lines (Figure 7D,E). These results reveal the importance of the phosphorylation of Gal3 at
Y107 for its secretion to promote traction force generation. In addition, we applied those
three plasmid constructs (empty vector, w.t. Gal3 and Y107F-Gal3) in capn4−/− MEF cells to
determine if overexpressing Gal3 has any effect on traction or secretion of Gal3 in capn4−/−

MEF cells (Figure S3A–D). As expected, overexpressing w.t. Gal3 or Y107F-Gal3 could not
restore reduced traction (Figure S3A) or Gal3 secretion (Figure S3B) previously observed in
capn4−/− MEF cells while overexpressed and endogenous Gal3 levels were similar between
w.t. Gal3 and Y107F-Gal3 cells (Figure S3C,D). These results strengthen our hypothesis that
Capn4 acts upstream of Gal3 in this signaling pathway to generate traction forces and that
Capn4-mediated phosphorylation of Gal3 is the key step in the route of Gal3 secretion.

3.7. Active Integrin β1 May Participate in Extracellular Gal3-Mediated Traction Force Production,
Possibly through a FAK-Independent Mechanism

Previous studies have implicated Gal3 in the clustering of integrin receptors [32,33].
Given that all the experiments used in this study have involved surface coating of fi-
bronectin, we reasoned that Gal3 could be working through a fibronectin receptor to
modulate traction force, adhesion localization, and strengthening. Integrins that serve
as the receptors for fibronectin include α5β1, α4β1, αIIβ3, and αVβ3 [65]. Specifically,
α5β1 clustering is required for the formation of strong fibronectin-bound adhesions [66].
Since overexpression of wild-type Gal3 leads to an increase in its secretion and traction
force generation, we asked if the increased traction mediated by Gal3 could be due to the
activation of β1 integrin. We measured the levels of active and total β1 integrin in protein
extracts from MEF cells containing an empty vector, w.t. Gal3 or Y107F-Gal3, all grown on
fibronectin-coated surfaces. We found higher active β1 integrin levels when w.t. Gal3 was
overexpressed than that of the empty vector, whereas almost no significant change was
detected upon Y107F-Gal3 overexpression (Figure 7F,G). This suggests that the extracellular
Gal3-mediated increase in traction is modulated through β 1 integrin.

Tyrosine phosphorylation of focal adhesion kinase (FAK) residue Y397 occurs through
autophosphorylation [67]. It is the initial step in the activation of FAK leading to the
phosphorylation of numerous other FAK tyrosine residues. Tyrosine phosphorylation of
FAK is associated with cell migration including mechanosensing and traction force [68–71].
To determine if Gal3-mediated regulation of traction force, focal adhesion turnover, and
adhesion strength is mediated through the autophosphorylation of FAK, we checked the
levels of Y397 phosphorylated FAK present in wild-type MEF cells and capn4−/− MEF cells.
Levels of Y397 in capn4−/− MEF cells are approximately two-fold higher than levels in
wild-type MEF cells (Figure 7H,I). The addition of rGal3 to capn4−/− MEF cells did not
change the FAK Y397 phosphorylation compared to levels in untreated capn4−/− MEF cells.
The silencing of Gal3 in MEF cells did not alter the levels of Y397 FAK phosphorylation.
This result suggests that Gal3-mediated regulation of cell migration is not modulated
through the FAK pathway.
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Figure 7. Capn4-mediated Y107 phosphorylation of Gal3 is required for its secretion and subsequent
generation of traction forces (A) Bar graph of average traction stress exerted by MEF cells nucleofected
with pEGFP-N3 (empty vector; n = 25), pECFP-Gal3 (w.t. Gal3; n = 19), or pEGFP-Y107F-Gal3 (Y107F-
Gal3; n = 25). (B) Western blot of Gal3 from conditioned media of MEF cells with empty vector, w.t.
Gal3 or Y107F-Gal3. (C) Quantification of secreted Gal3 levels of MEF cells with empty vector, w.t.
Gal3 or Y107F-Gal3. Total protein level by Coomassie Blue staining is used to normalize the intensity
of secreted Gal3 (D) Western blot of overexpressed and endogenous Gal3 from cell lysates of empty
vector, w.t. Gal3 or Y107F-Gal3 in MEF cells. GAPDH served as the loading control. (E) Quantification
of overexpressed Gal3 levels of MEF cells with empty vector, w.t. Gal3 or Y107F-Gal3. Normalized
intensity expressed in arbitrary units in the bar graphs is an average of three independent experiments.
Error bars represent mean ± SEM. Student’s t-test * p < 0.05; n.s., not significant. Extracellular Gal3
does not alter FAK autophosphorylation. (F) Western blot of active and total β1 integrin from cell
lysates of MEF cells with empty vector, w.t. Gal3 or Y107F-Gal3. GAPDH served as the loading
control. (G) Quantification of active β1 integrin levels of MEF cells with empty vector, w.t. Gal3 or
Y107F-Gal3. (H) Western blot of FAK Y397 phosphorylation from cell lysates of w.t. MEF cells, cells
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nucleofected with siControl or siGal3, capn4−/− MEF cells, and capn4−/− MEF cells with recombinant
Gal3 added exogenously. GAPDH served as the loading control. (I) Quantification of FAK Y397
phosphorylation levels of MEF cells in C. Normalized intensity expressed in arbitrary units in the bar
graphs is an average of three independent experiments. Error bars represent mean ± SEM. Student’s
t-test * p < 0.05; n.s., not significant.

4. Discussion

Cell migration is a process that is influenced by a myriad of intracellular and extracel-
lular factors that may be biochemical or biophysical. It is carefully coordinated by multiple
signal transduction pathways, many of which are not fully understood. Our group had
previously shown the importance of the calcium-dependent family of proteases, namely
calpains, in the regulation of two biophysical parameters: traction force and mechanosens-
ing [15]. In addition, it was found that focal adhesion dynamics and strengthening were
also affected by the calpain family. We concluded that Capn4 functions independently of
the proteolytic activity of the large catalytic subunits in the process of generating traction
force. The large subunits, calpains 1 and 2, along with the small subunit are involved
in sensing global stiffness and locally applied transient mechanical stimulations. Thus,
the calpains have provided a means to separate spatially and temporally, traction force
and mechanosensing.

There are several different ways of measuring cellular traction, and the mechanism
used to generate traction force is being investigated by a number of groups [72,73]. To fur-
ther understand the function of calpains in traction force generation and mechanosensing,
we looked for differential tyrosine phosphorylation levels in the absence of each of the
calpain subunits. We found that in the absence of Capn4, the protein Gal3 was no longer
phosphorylated. We also discovered that this lack of tyrosine phosphorylation prevented
its secretion [16].

Gal3 has been known to function in cell migration and ECM remodeling. Many studies
suggest that it modulates ECM interactions from the outside of the cell, both under normal
conditions and in cancer cells [29,33]. Thus, the fact that Gal3 secretion was mediated by
tyrosine phosphorylation, which is indirectly regulated by Capn4, prompted us to look
at its influence on traction force when exogenously added to Capn4-deficient cells. Our
results obtained upon the addition of recombinant Gal3 to the culture medium concur
with studies by other groups suggesting that the protein has an extracellular function. We
were able to rescue defects in traction force that occur in Capn4-deficient cells (Figure 1).
The addition of recombinant Gal3 also mediated changes in the size of adhesions from
small contacts (adhesions that were less than 0.5 µm2) to mature adhesions (>1.5 µm2) and
helped strengthen the cell adherence (Figure 2). It has previously been shown that forces
are greatest at the leading edge of migrating cells and that smaller adhesions generate
greater forces [74]; however, the capn4−/− cells despite having numerous smaller adhesions
have weak traction but also have abnormal actin organization. The addition of recombinant
Gal3 resulted in fewer small contacts as compared to Capn4-deficient fibroblasts that had a
significantly greater number of focal complexes.

The focal adhesion lengths diversified upon the addition of recombinant Gal3, and the
adhesion localization defect was resolved. Therefore, the rescue of the capn4−/− adhesion
size and localization defect could also explain the rebalance in adhesion strength when
extracellular Gal3 was added. Together these results support the popular idea that Gal3
in the extracellular environment forms a lattice, which then helps cluster and activate
integrins [32,33]. Once integrins are activated, they trigger numerous intracellular signal
transduction pathways that can lead to increased adhesion maturation, improved strength,
and greater forces. The primary fibronectin receptor α5β1 provides a reasonable target
as its function in strengthening cell adhesion and migration is well-documented [66]. We
found an increase in active β1 integrin level when w.t. Gal3 was overexpressed although
Y107F-Gal3 overexpression did not make any notable change. As w.t. Gal3 overexpression
resulted in greater Gal3 secretion and traction, the increased β1 integrin activation with w.t.
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Gal3 overexpression implies the link between extracellular Gal3-mediated traction and the
activation of β1 integrin (Figure 7). Moving further downstream from β1 integrin activation
is FAK autophosphorylation at the tyrosine 397 residue. Upon Gal3 addition, we did not
observe a dramatic change in the already elevated levels of Y397 phosphorylation present in
Capn4-deficient cells (Figure 7). The simplest explanation for our data is that extracellular
Gal3 activates pathways that require β1 integrin activation but are not followed by FAK
Y397 phosphorylation. Instead, as proposed in other literature, it may transduce through
Src kinase activation independent of FAK autophosphorylation [75]. This would identify a
previously unknown mechanotransduction pathway that signals only for the production of
traction forces and not mechanosensing.

As with previous studies that have shown slower migration rates for capn4−/− cells on
fibronectin-coated surfaces as compared to wild-type cells [42], we see that the rate of mi-
gration of capn4−/− cells is not significantly different from wild-type fibroblasts (Figure 3A).
This difference could have been due to the concentration of fibronectin (5 µg/cm2) used in
our studies that is higher than those used previously for these migration studies. Previous
research has also shown that high concentrations of fibronectin reduce the rate of migration
by modulating Rho GTPases through integrins [76]. Nonetheless, the increase in linear
speed observed when recombinant Gal3 is added exogenously to Capn4-deficient fibroblast
supports the notion that Gal3 has been shown to cluster and activate integrins. Gal3 is also
proposed to form a lattice that promotes fibrillogenesis, thus providing another potential
route to modulate the rate and direction of migration [34].

It has been proposed that microtubule depolymerization-induced traction force regula-
tion can be mediated by two distinct pathways: a myosin-II-dependent/FAK-independent
pathway and a FAK-regulated/myosin-II-independent pathway [77]. Because when ex-
tracellular Gal3 is added to capn4−/− cells we see an increase in traction without a corre-
spondingly significant increase in the levels of FAK Y397 phosphorylation (Figure 1 and
7), it is plausible that Gal3/Capn4-mediated regulation of force occurs via the myosin-II
dependent pathway. Furthermore, we found that the FAK Y397 phosphorylation levels
are higher in capn4−/− cells as compared to wild-type MEF cells, but the levels of traction
force produced are inversely correlated. An alternative, but the speculative mechanism
is that Capn4 could bind to a phosphatase-interacting protein, such as PSTPIP1 through
its SH3 domain. Previous studies have shown that Capn4 binds to proteins through SH3
domains present in the interacting partner [78]. Similarly, PSTPIP1 also binds to its partners
through SH3 domains present in its structure [79,80]. PSTPIP1 has been shown to direct
PEST-type protein tyrosine phosphatase (PTP) to c-Abl kinase [81]. If it interacts with
Capn4, it will prevent a PSTPIP1–PEST PTP interaction, thus preventing the delivery of
PEST-type protein tyrosine phosphatase to the c-Abl kinase. Thus, c-Abl kinase remains
active, phosphorylating its substrate Gal3.

Based on our experimental data and previously published information, we have pro-
posed a Capn4- and extracellular Gal3-mediated traction force mechanism (Figure 8). We
have demonstrated that Capn4 not only participates in the mechanosensing pathway in
conjunction with Capn1 and 2 catalytic subunits as a form of holoenzyme but also triggers
a traction force pathway through Gal3 phosphorylation and secretion independently from
catalytic subunits. Three tyrosine residues of Gal3, mainly on Y107, are phosphorylated
by c-Abl kinase leading to the secretion of phosphorylated Gal3 (Figures 6 and 7) through
exosomes or other non-classical secretion pathways [35–39]. Once secreted, Gal3 forms
oligomers through its N-terminal domain in the extracellular space and causes fibrillogene-
sis followed by integrin clustering and activation and then mechanotransduction [19,34].
This is then translated into force generation via a myosin-II-mediated, FAK-independent
pathway [77]. As the addition of Gal3 was unable to rescue capn4−/− defects in both global
and applied mechanosensing, we have further strengthened our previous observation that
Capn4 functions independently of the large subunits in the production of traction forces.
Furthermore, we can mechanistically separate, through the secretion of Gal3, a pathway
independent of the mechanosensing pathway. Finally, we would like to suggest that this
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mechanism is potentially involved in advancing the fibrotic diseases to which galectin-3
and its extracellular functions have already been linked. The results of our study support
the need for further exploration of Gal3 as a biomedical target for several diseases in which
it has been implicated.

Biomedicines 2024, 12, x FOR PEER REVIEW 19 of 23 
 

 
Figure 8. Postulated pathway for Capn4-triggered Gal3 phosphorylation, secretion, and consequent 
traction force production. All direct interactions, phosphorylation, secretion, and clustering have 
been formulated based on experimental or published results. Capn4, together with large catalytic 
subunits of Capn1 and 2 holoenzymes, modulates proteolytic and mechanosensing pathways. On 
the other hand, Capn4 governs the traction force pathway, independently from large subunits. 
Capn4 may help in stimulating c-Abl kinase activation resulting in tyrosine phosphorylation of 
Gal3. c-Abl kinase phosphorylates Gal3 on three tyrosine residues: Y79, Y107, and Y118. Tyrosine-
phosphorylated Gal3, on Y107, could be secreted through exosomes or by other non-classical path-
ways. Secreted Gal3 can form oligomers through its N-terminal domain in the ECM and can link 
the cell to the ECM through clustering and/or activating cell surface receptors including integrins. 
As a result, active β1 integrin-signaling may occur in an FAK-independent, myosin-II-mediated 
manner to produce traction forces during cell migration. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1. Representative vector plot depicts the magnitude and direction 
of traction stress exerted by a wild-type MEF cell, The vectors indicate the direction and magnitude 
of traction stress. Figure S2. Speed and persistence on Polyacrylamide substrates. (A) Linear speed 
of wild-type and capn4−/− MEF cells on fibronectin-coated polyacrylamide substrates. (B) Persistence 
of wild- type (n = 15) and capn4−/− MEF cells (n = 15) on fibronectin-coated polyacrylamide substrates. 
Each cell was imaged 2 hours, each trial 2 cells of each cell type was observed, for a total of 7 trials. 
Error bars represent mean ± SEM. Figure S3. (A) Bar graph of average traction stress exerted by 
capn4−/− MEF cells nucleofected with pEGFP-N3 (empty vector; n = 19), pECFP-Gal3 (w.t. Gal3; n = 
15) or pEGFP-Y107F-Gal3 (Y107F-Gal3; n=14). (B) Western blot of Gal3 from conditioned media of 
capn4−/− MEF cells with empty vector, w.t. Gal3 or Y107F-Gal3. Quantification of data are not meas-
urable for a graph. (C) Western blot of overexpressed and endogenous Gal3 from cell lysates of 
empty vector, w.t. Gal3 or Y107F-Gal3 in capn4−/− MEF cells. GAPDH served as the loading control. 
(D) Quantification of overexpressed Gal3 levels of capn4−/− MEF cells with empty vector, w.t. Gal3 or 
Y107F-Gal3. Normalized intensity expressed in arbitrary units in the bar graphs is an average of 
three independent experiments. Error bars represent mean ± SEM. n.s., not significant. 

  

Figure 8. Postulated pathway for Capn4-triggered Gal3 phosphorylation, secretion, and consequent
traction force production. All direct interactions, phosphorylation, secretion, and clustering have been
formulated based on experimental or published results. Capn4, together with large catalytic subunits
of Capn1 and 2 holoenzymes, modulates proteolytic and mechanosensing pathways. On the other
hand, Capn4 governs the traction force pathway, independently from large subunits. Capn4 may help
in stimulating c-Abl kinase activation resulting in tyrosine phosphorylation of Gal3. c-Abl kinase
phosphorylates Gal3 on three tyrosine residues: Y79, Y107, and Y118. Tyrosine-phosphorylated Gal3,
on Y107, could be secreted through exosomes or by other non-classical pathways. Secreted Gal3
can form oligomers through its N-terminal domain in the ECM and can link the cell to the ECM
through clustering and/or activating cell surface receptors including integrins. As a result, active
β1 integrin-signaling may occur in an FAK-independent, myosin-II-mediated manner to produce
traction forces during cell migration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12061247/s1, Figure S1. Representative vector plot
depicts the magnitude and direction of traction stress exerted by a wild-type MEF cell, The vectors
indicate the direction and magnitude of traction stress. Figure S2. Speed and persistence on Poly-
acrylamide substrates. (A) Linear speed of wild-type and capn4−/− MEF cells on fibronectin-coated
polyacrylamide substrates. (B) Persistence of wild- type (n = 15) and capn4−/− MEF cells (n = 15)
on fibronectin-coated polyacrylamide substrates. Each cell was imaged 2 hours, each trial 2 cells
of each cell type was observed, for a total of 7 trials. Error bars represent mean ± SEM. Figure S3.
(A) Bar graph of average traction stress exerted by capn4−/− MEF cells nucleofected with pEGFP-N3
(empty vector; n = 19), pECFP-Gal3 (w.t. Gal3; n = 15) or pEGFP-Y107F-Gal3 (Y107F-Gal3; n = 14). (B)
Western blot of Gal3 from conditioned media of capn4−/− MEF cells with empty vector, w.t. Gal3 or
Y107F-Gal3. Quantification of data are not measurable for a graph. (C) Western blot of overexpressed

https://www.mdpi.com/article/10.3390/biomedicines12061247/s1
https://www.mdpi.com/article/10.3390/biomedicines12061247/s1


Biomedicines 2024, 12, 1247 19 of 22

and endogenous Gal3 from cell lysates of empty vector, w.t. Gal3 or Y107F-Gal3 in capn4−/− MEF
cells. GAPDH served as the loading control. (D) Quantification of overexpressed Gal3 levels of
capn4−/− MEF cells with empty vector, w.t. Gal3 or Y107F-Gal3. Normalized intensity expressed in
arbitrary units in the bar graphs is an average of three independent experiments. Error bars represent
mean ± SEM. n.s., not significant.
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